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 Endocrine disrupting compounds (EDCs) are defined as exogenous substances 
(such as organotins, alkylphenols, bisphenol-A, organochlorine pesticides, polychlorinated 
biphenyls, polycyclic aromatic hydrocarbons, phthalates and triazine herbicides etc.). They 
cause adverse health effects in an intact organism or its progeny as a consequence of 
changes in its endocrine system. The alarm over their potential impacts has been sounded 
recently by several research commissions and regulatory agencies, underlining the 
necessity to develop diagnostic and prognostic tools to identify exposure to, and the effects 
of these EDCs on humans and wildlife. Endocrine disruption mechanisms include 
antagonism of hormones and inhibition of the synthesis and metabolism of hormones. 
Many of the known EDCs are environmental estrogens, and it is for this reason that the 
phenomenon of the feminization in wildlife has been observed in the environment.  
Potential hazards and health effects posed by EDCs has increased awareness, and an urgent 
need to establish new analytical methods to quantify EDCs and correlate their presence in 
the environment with human health impact has been recognized. Lack of data from 
biological materials and water samples for these contaminants indicates that there is a 
shortage of suitable, simple analytical techniques for their quantification. Current 
techniques for EDCs suffer from low detection limits and poor selectivity and sensitivity of 
extraction (enrichment). Before studying the effects of EDCs, there is need to accurately 
determine EDC concentrations in environmental samples. A database is needed to identify 
the distribution and fate of EDCs in Singapore’s environment. In this study, emphasis has 
been on developing a wide range of miniaturized extraction procedures that are simple and 




 The first part of the thesis addresses the general introduction to EDCs and micro 
analytical techniques. In the second part, new analytical techniques based on solid-phase 
microextraction (SPME) techniques for the complex matrices such as seawater, bovine 
milk and sewage sludge samples were developed. Further development of hollow fiber 
protected liquid-phase microextraction (HFM-LPME) techniques for wide range of EDCs 
in seawater, rainwater and blood plasma samples. The third part of thesis deals with the 
analysis of EDCs in solid matrices such as marine sediments using microwave-assisted 
digestion (MAD) coupled with HFM-LPME. Part four give the conclusion of this work. 
 
 The analytical techniques developed in this study were compared with traditional 
techniques and applied to the analysis of EDCs in environmental samples. The novel 
microextraction techniques have more advantages than the conventional procedures such 
as simple, more efficient for complex environmental matrices, less amount of sample and 






I am grateful to my supervisor Professor Hian Kee Lee for his invaluable suggestions, 
moral support and encouragement throughout this work  
 
I appreciated the financial assistance provided by the National University of Singapore 
during my Ph.D. candidacy. Support by the United Nations University, Japan through their 
“Environmental Monitoring and Governance in the East Asian Coastal Hydrosphere” 
programme is gratefully appreciated 
 
My deepest thanks to Professor. Li Fong Yau Sam, Associate Professor Jeffrey Phillip 
Obbard, Dr. Koh Siang Tan, and Dr. Rajashekhar Balasubramanian for their help in 
various ways. 
 
My thanks to Madam Frances Lim for her technical assistance during my work 
 
I extended my thanks to my colleagues for their help in comments and suggestions to my 
projects 
 
Finally, I am indebted to my wife Imthiyaz and my parents for their constant motivation 









[1] C. Basheer, H. K. Lee, J. P. Obbard. Determination of organochlorine pesticides in 
seawater using liquid-phase hollow fibre membrane microextraction and gas 
chromatography-mass spectrometry. J CHROMATOGR A. (2002), 968 (1-2): 191-199  
 
[2] C. Basheer, R. Balasubramanian, H. K. Lee. Determination of organic micropollutants 
in rainwater using hollow fiber membrane/liquid-phase microextraction combined with gas 
chromatography–mass spectrometry, J CHROMATOGR A. (2003), 1016 (1): 11-20  
 
[3] C. Basheer, H. K. Lee, J. P. Obbard. Application of liquid-phase microextraction and 
gas chromatography–mass spectrometry for the determination of polychlorinated biphenyls 
in blood plasma, J CHROMATOGR A. (2004), 1022 (1): 161-169 
 
[4] C. Basheer and H. K. Lee. Hollow Fiber Membrane Protected SPME of Triazine 
Herbicides in Bovine Milk and Sewage Sludge Samples, J CHROMATOGR A. (2004), 
1047 (2): 189-194 
 
[5] C. Basheer and H. K. Lee. Determination of Endocrine Disrupting Alkylphenols and 





 [6] C. Basheer and H. K. Lee. Analysis of Endocrine Disrupting Alkylphenols and 
Bisphenol-A using Hollow Fiber-Protected Liquid-phase Microextraction Coupled with 
Injection Port-Derivatization Gas Chromatography/Mass Spectrometry, J 
CHROMATOGR A. (2004), 1057 (1, 2): 163-169 
 
[7] C. Basheer, H. K. Lee, J. P. Obbard. Analysis of Persistent Organic Pollutants in 
Singapore’s Coastal Sediments using Microwave-assisted Digestion Coupled with HFM-






[8] C. Basheer, K. S. Tan, H. K. Lee. Endocrine Disrupting Chemicals in Singapore 
Coastal Environment (Environmental Governance and Analytical Techniques:EDCs in 
East Asian Coastal Hydrosphere. University of Malaya, Malaysia, 17 - 18 April 2000) 
 
[9] C. Basheer, K. S. Tan, H. K. Lee. Preliminary Survey of Endocrine Disrupting Phenols 
from Singapore Coastal Environment (Industries and EDC Pollution: Co-organized by 
Korean Ocean Research and Development Institute and The Kwangju Institute of Science 
and Technology, Seoul, Korea; 16-17 April 2001) 
 
[10] C. Basheer, H. K. Lee. Novel Extraction Techniques for Endocrine Disrupting 
Compounds (American Chemical Society, Analytical Division, Chicago, 26-30 August 
2001) 
 v
 [11] C. Basheer, K. S. Tan, H. K. Lee. Quantification of alkylphenols and bisphenol-A 
from Singapore Coastal Environment (American Chemical Society, Environmental 
Chemistry Division, Chicago, 26-30 August 2001) 
 
 vi








                                                                       iii 
  
List of publications                                                                        iv 
  
Table of contents 
 
                                                                       vii 
  





Chapter 1: Introduction 
 
       
1.1 General Introduction to Endocrine Disrupting Chemicals  
 
1 





Chapter 2: Analysis of Aqueous Samples using Microextraction 
Combined with GC/MS 
 
 
   




   
2.2 Hollow Fiber Membrane-Protected SPME 39 
 vii
   
2.3 Hollow Fiber Membrane-Protected Liquid-Phase Microextraction 






Hollow Fiber Membrane-Protected Liquid-Phase Microextraction for 





Hollow Fiber Membrane-Protected Liquid-Phase Microextraction for 





Hollow Fiber Membrane-Protected Liquid-Phase Microextraction for 





Chapter 3: Analysis of Solid Samples using Microextraction 





Analysis of Singapore’s Coastal Sediments using Microwave-assisted 













 LIST OF ABBREVIATIONS 
 
 
ASE Accelerated solvent extraction  
APs Alkylphenols 
BPA Bisphenol-A 
CE Capillary electrophoresis 
DI-SPME Direct immersion-SPME 
d. wt Dry weight 
ECD Electron capture detector 
EDCs Endocrine disrupting compounds 
GC Gas chromatography 
GC/MS Gas chromatography–mass spectrometry 
HS-SPME Headspace-SPME 
HFM-SPME Hollow fiber protected-SPME 
HFM-LPME Hollow fiber protected-LPME 
LC Liquid chromatography 
LLE Liquid-liquid extraction 
LLLE Liquid-liquid-liquid microextraction 
LPME Liquid-phase microextraction 
LOD Limit of detection 
MASE Microwave assisted solvent extraction 
MAD Microwave digestion 
OCPs Organochlorine pesticides 
PA Polyacrylate 
 ix
PAHs Polycyclic aromatic hydrocarbons  
PCBs Polychlorinated biphenyls 
PDMS Polydimethylsiloxane 
PDMS/DVB Polydimethylsiloxane/Divinyl benzene 
POPs Persistent organic pollutants 
RSDs Relative standard deviations 
SPE Solid-phase extraction 
SFE Supercritical fluid extraction 
SPME Solid-phase microextraction 
SIM Selective ion monitoring 
USEPA United States Environmental Protection 
Agency 
UV Ultraviolet 































CHAPTER 1: GENERAL INTRODUCTION TO 
ENDOCRINE DISRUPTING CHEMICALS AND 
MICROANALYTICAL TECHNIQUES 
 
1.1 General introduction to endocrine disrupting compounds 
 
The issue of endocrine disrupting compounds (EDCs) in the environment is a 
serious concern. A number of scientific publications have suggested a decline in human 
semen quality, an increase in testicular abnormalities and breast cancer over the past 50 
years. USEPA has listed 84 compounds or group of compounds as top priority EDCs, 
which are likely to produce human toxic effects. Some of the EDCs are highly persistent 
and easily accumulate in adipose tissue, blood and breast milk via food chain. The ability 
to undergo long-range atmospheric transport means that they are now ubiquitous in the 
global environment. 
 
Research into EDCs in the context of their impact on animal and human endocrine 
systems is a relatively new field. Singapore is one of the world's busiest ports with many 
industries and refineries located on the coastline. Every year the number of ships calling at 
the port of Singapore is significantly increasing from 1996-2002 [1], and the use of 
tributyltin (an EDC) is not controlled locally. Expectedly, the coastal environment is open 
to pollution to undesirable chemicals, including EDCs. Till date, there have been no 
systematic studies conducted on the monitoring and measurements of EDCs in the local 
marine environment. Meanwhile, desalination of seawater, seafood cultivation, recycling 
of municipal waste and air quality during forest fires in the region should be considered, as 
they all have an impact on prevailing atmospheric EDC concentrations. These chemical 
groups are alkylphenols and bisphenol-A, organochlorine pesticides, polycyclic aromatic 
hydrocarbons, polychlorinated biphenyls and triazine herbicides. 
  1
1.1.1 Alkylphenols and bisphenol-A 
Alkylphenols ethoxylates are a class of surfactants used extensively in the last 50 
years as detergents in industrial cleaners, wetting agents, emulsifiers and in domestic soaps 
[2]. Recent evidence has indicated a linkage between these surfactants and adverse changes 
in the reproductive health and fertility of animals and humans [3]. Alkylphenols (APs) 
such as octylphenols, nonylphenols and pentachlorophenol (PCP) and their degraded 
products are mainly discharged from industrial and municipal effluent treatment plants [4]. 
Octylphenol is also used in a variety of products such as plastic and plastic materials. Vom 
Saal [5] found that exposure of octylphenols caused significantly lower daily sperm 
production in mice. Nonylphenols and bisphenol-A represent the primary focus of concern 
in this respect. Nonylphenols are used as active ingredients in spermicides, antioxidants 
and stabilizers in the plastic (polyvinyl chloride, polystyrene) industries and as emulsifiers 
in lubricant oils. It has been shown that exposure to parts-per-billion (ppb) doses of 
nonylphenol inhibit ATP (adenosine triphosphate) synthesis in the mitochondria [6]. Evan 
et al. [7] recently found that nonylphenols can also induce imposex in marine snails at low 
concentrations. Pentachlorophenol (PCP) is used in insecticide manufacturing, and in the 
pulp industries. Women chronically exposed to wood preservatives containing PCP may 
suffer from infertility and adrenal insufficiency [8].  
Bisphenol-A (BPA) is used in the production of epoxy resin and polycarbonate 
plastics, used in many food and drink packaging applications. Although, Dodds & Lawson 
[9] in 1938 noted estrogenic activity of BPA, it is only in recent years that these 
compounds began to receive more attention. BPA-containing resin is commonly used as 
liquors to coat metal products such as food cans, bottle taps and water supply pipes. Recent 
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studies found BPA in canned food samples at 80 ppb levels; this is 27 times greater than 
the amount reported to induce cancer [10]. In a survey, it is estimated that 109 tons of BPA 
containing products were released into the environment from various sources. Like diethyl 
stilbestrol (DES), BPA is capable of binding to DNA after metabolic activation. BPA 
exhibits estrogenic properties at low concentrations and Howdeshell, et al [11] showed that 
trans-placental exposure of low doses of BPA in mice could bring on early puberty in 
females.  
APs and BPA enter the marine environment through effluent discharge in the form, 
or as part, of surfactants in industrial and domestic waste. Research into EDCs, in the 
context of their environmental impact, is a relatively new field of interest. Only few 
publications have been reported elsewhere on APs and BPA concentrations in the marine 
environment [12-15].  
 
1.1.2. Organochlorine pesticides 
Public concern over organochlorine pesticide (OCPs) contamination of the 
environment has risen over recent decades to the extent that it has now become a 
significant food safety issue. These chemicals are known to disrupt the hormone endocrine 
system and induce cancer in a range of organisms, thereby posing a significant risk to 
natural ecosystems and human health [16]. The use of OCPs is tightly regulated in the 
developed world, but OCPs, including DDT and hexachlorocyclohexane are still widely 
used in many developing countries for agriculture and disease control [17]. OCPs have a 
very low solubility in water, are fat soluble, resist metabolic degradation and have a 
propensity to bioaccumulate in the food chain. High concentrations of OCPs have been 
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detected in bird raptors, marine mammals and human breast milk [18, 19]. Chlorinated 
organic compounds have a wide range of industrial and agricultural applications, and 
include the pesticides DDT (p,p’-dichlorodiphenyl trichlorethane) and Lindane (γ- 
hexachlorocyclohexane), as well as the PCBs. The latter have been used historically in an 
extensive range of industrial applications, including dielectric fluids in electrical 
transformers. Such chemicals can readily enter the aquatic environment via atmospheric 
transport, ground water leaching, soil run-off, and sewage discharge [20]. 
 
1.1.3. Polycyclic aromatic hydrocarbons  
Polycyclic aromatic hydrocarbons (PAH) are ubiquitous pollutants that can now be 
detected in a wide-range of environmental matrices, both biotic and abiotic [20]. The 
introduction of these compounds into the environment via different processes (e.g. 
atmospheric deposition, sewage and industrial discharges, oil spillages etc) has resulted in 
their accumulation in both human and ecological food chains [21]. Some PAH are known 
or suspected carcinogens and mutagens, and thus their potential hazards risk to human 
health and the natural environment cannot be underestimated [22]. PAH is mainly formed 
under high-temperature synthesis, incomplete burning of organic fuel or as a result of 
thermal impact on organic matter. Forest fires and precipitation washout of atmospheric 
particulates are known major contributing factors to the burden of PAH in the environment 
[23, 24]. For example, during the widespread forest fire incident in Indonesia in 1997, air 
quality in Southeast Asia was severely impaired as a result of the atmospheric emission of 
PAH and a range of other organic pollutants [25]. Industrial wastes and domestic sewage 
often also contain high concentrations of particulate and soluble PAH, and together with 
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surface runoff from urban catchments and atmospheric deposition represent the main 
sources of high molecular weight PAH into the aquatic environment.  
PAH account for approximately 20% of total hydrocarbons present in crude oil, and 
are the most metabolically toxic of all the petroleum compounds [26]. Oil spillage is a 
global problem where for example, in 1999; approximately 32.2 million gallons (109,400 
tons) of oil were spilled worldwide into marine and terrestrial environments as the result of 
over 250 incidents. The Port of Singapore is the one of the world’s busiest, where the total 
cargo handled in January 2002 alone was in excess of 28.2 million tones [1]. Singapore’s 
coastal areas have also been extensively developed to support the petroleum industry, 
where the country, is home to the world’s third largest petroleum refining centre with a 
processing capacity in excess of 1.3 M barrels of crude oil per day [27]. Singapore and the 
neighboring countries of Malaysia and Indonesia have experienced ten major oil spill 
incidents between 1993 and 2002, including a major spillage of 28,500 tones of crude oil 
in the Singapore Straits in October 1997 [28]. With continued industrial development and 
shipping activity within the coastal region of South East Asia as a whole, there is clearly an 
increasing risk of adverse regional marine contamination.  
 
1.1.4. Polychlorinated biphenyls  
Polychlorinated biphenyls (PCBs) are potent environmental contaminants due to 
their propensity to accumulate in biological tissues, persistence and ubiquity in the global 
environment [29-31]. They were first manufactured commercially in 1929 and were 
subsequently used in many different types of products including hydraulic fluid, casting 
wax, pigments, plasticizers, and dielectric fluids. During the 1970's, health and 
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environmental risks associated PCBs led to the U.S. Toxic Substances Control Act of 
1976, which directed the U.S. Environmental Protection Agency (EPA) to ban PCB 
manufacture, as well as regulate PCB use and disposal. However, PCB contamination from 
historic uses and dumping is widespread, where improper storage and disposal has resulted 
in contamination of most environmental media. As a result, many forms of wildlife have 
become contaminated with PCB's [32, 33] and in recent years, there has been increasing 
concern about the toxicological implications of PCBs on human health. Many publications 
have specifically identified and quantified PCB congeners in human milk, adipose tissue 
and blood samples [34, 35]. PCBs readily accumulate in the food chain, especially in meat, 
fish, and dairy products due to their lipophilic nature and low water solubility. It is now 
evident that PCBs are transferred from mother to fetus and newborn babies via blood 
exchange in the placenta and to newborn infants via breast milk [36-39]. Trace amount of 
PCB congeners have also been associated with endocrine disruption and a higher incidence 
of fetal miscarriage [40].  
 
1.1.5. Triazine herbicides 
Triazine herbicides, such as simazine and atrazine are widely applied to corn, soybean, 
wheat, barley, and sorghum productions for controlling broadleaf weed and grass [41, 42]. 
Residues of the herbicides have been detected in soil and surface waters in areas where the 
agrochemicals have been used, owing to their persistence and relatively high solubility [43, 
44]. Studies on the toxic effects of atrazine in fish have indicated a great variability in the 
responses, depending upon the dose and the species, with lethal concentrations [45]. The 
possibility of interactions between atrazine and the endocrine system of organisms has 
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been the focus of several studies. In humans, long-term exposure is suspected to increase 
the risk of breast and ovarian cancers [46, 47].  
 
1.2. Microextraction techniques  
Trace amounts of EDCs pose great risk to human health thus there is increasingly 
stringent legislation for maximum allowable levels for pollutants. Analytical detection 
limits have improved with the development of highly sensitive analytical instrumentation 
and sample enrichment procedures [48, 49].There is increasing demand on analytical 
procedures in terms of achieving high enrichment factors and miniaturization to determine 
ultratrace levels of EDCs in complex environmental samples. In sample preparation, 
various parameters influence the accuracy of analysis such as sample matrix effects, loss of 
analytes during multi-step operations, and selection of optimum extraction conditions. 
However, the traditional sample preparation techniques are time consuming, and laborious 
which leads to analytes loss, and also use large volume of toxic solvents. In this respect, 
miniaturizing sample preparation procedures has become an important goal for analytical 
chemistry [50].  
 
1.2.1. Analytical technique for solid matrices 
Microextraction techniques are economically and environmentally attractive 
alternatives to the conventional procedures. Microwave-assisted solvent extraction 
(MASE), supercritical extraction (SFE) and accelerated solvent extraction (ASE) are the 
current extraction techniques for solid samples.  
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1.2.1.1. Microwave-assisted solvent extraction (MASE) 
Microwave-assisted extraction methodology has been widely used for the 
extraction of different compounds from soil and sediment samples. One of these 
techniques is microwave-assisted solvent extraction (MASE). MASE requires smaller 
volumes of extractant and shorter periods for analysis compared to Soxhlet extraction. The 
ability to rapidly heat the sample solvent mixture is inherent to MASE and is the main 
advantage of this technique. By using closed vessels the extraction can be performed at 
elevated temperatures, thereby accelerating the mass transfer of target compounds from the 
sample matrix. In addition, sample throughput is increased as several samples can be 
extracted simultaneously. In most cases recoveries of analytes and reproducibility are 
improved compared to conventional techniques, as shown in several applications [51]. 
 The principle of heating using microwave energy is based on the direct effect of 
microwaves on molecules by ionic conduction and dipole rotation. In many applications 
these two mechanisms take place simultaneously. Ionic conduction is the electrophoretic 
migration of ions when an electromagnetic field is applied. The resistance of the solution 
to this flow of ions will result in friction and, thus, heat the solution. The ability of a 
solvent to absorb microwave energy and pass it on in the form of heat to other molecules 
will partly depend on the dissipation factor (tan δ). The dissipation factor is given by the 
following equation [51, 52] 
tan δ=ε”/ε’ 
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where ε” is the dielectric loss (a measure of the efficiency of converting microwave energy 
into heat) and ε' is the dielectric constant (a measure of the polarizibility of a molecule in 
an electric field). Polar molecules and ionic solutions (usually acids) will absorb 
microwave energy strongly because they have a permanent dipole moment that will be 
affected by the microwaves.  
1.2.1.2. Supercritical fluid extraction  
 
Supercritical fluid extraction (SFE) has seen a growing interest as a sample 
preparation technique in analytical laboratories during the last 15 years and is now 
relatively well established as an environmentally friendly technique with short extraction 
times and minimal usage of organic solvents. The basic principles of analytical-scale SFE 
can be found in a comprehensive report [53]. SFE can be defined as the technique using 
the supercritical fluid (SF) (substance above its critical temperature and pressure) to 
remove analytes from various matrices. Carbon dioxide is the most frequently used 
supercritical fluid. It has been the choice for most analytical applications because of its 
moderate critical parameters [54] i.e. critical pressure pc=7.29 MPa, critical temperature 
tc=31.0°C and other suitable properties. It is relatively non-toxic, available in high purity, 
has low reactivity and is environmentally compatible. Modification (addition of an organic 
solvent) of supercritical CO2 is necessary for the extraction of polar analytes. Modifiers 
can also significantly increase the extraction yield by influencing the matrix effects. The 
modifiers can be introduced directly into the stream of the fluid or into the extraction 
vessel. 
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 SFE has shown to be a powerful technique for the extraction of wide range of 
analytes in biota samples, with clear advantages such as efficiency (higher recoveries) 
speed and environmentally friendly, compared to Soxhlet procedures. It allows selective 
extractions of different compounds without additional clean-up, on a small amount of 
sample. However, it requires in depth optimization, since the extraction behaviour is 
strongly affected by the type of sample.  
 
1.2.1.3 Accelerated solvent extraction  
Accelerated solvent extraction (ASE) is one of the most recent sample preparation 
techniques [55]. The major difference between ASE and SFE is that an organic solvent or 
combination of solvents has replaced carbon dioxide. Several studies could prove that 
(ASE) or pressurized fluid extraction (PLE) is an attractive alternative to more classical 
extraction techniques (soxhlet, sonication) [56]. In ASE, the extraction vessel is loaded 
with the sample, organic solvent is added and the vessel is pressurized. Subsequent heating 
of the vessel in a pre-extraction step usually takes 5¯10 min. After reaching the set 
temperature and pressure, a static extraction period follows during which analytes are 
released from the sample to the solvent.  
Using high temperatures and suitable solvents, relatively matrix-independent 
methods can be obtained [56]. However, care must be taken that sufficient time is allowed 
for all analytes to be released from the matrix. If these criteria are met, PLE is probably the 
most exhaustive extraction method available at present, giving somewhat higher extraction 
efficiency than other methods. The main disadvantage of PLE is that sample clean-up is 
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still necessary. However, this is inevitable as long as liquid solvents are used as extraction 
media.  
1.2.2. Analytical technique for aqueous matrices  
For aqueous samples, a wide range of analytical techniques exist which includes 
sorbent based adsorption for examples, solid-phase extraction (SPE), solid-phase 
microextraction (SPME) and solvent based absorption techniques i.e. single drop liquid-
phase microextraction LPME (static and dynamic) and hollow fiber protected liquid-phase 
microextraction HFM-LPME. 
 
1.2.2.1 Solid-phase extraction 
Solid phase extraction (SPE) is well-known sorbent-based sample preparation 
technique and it has wide range of applicability [57]. SPE is today a commonly used 
extraction/clean-up technique for the determination of various types of pollutants in water 
and similar matrices, replacing liquid¯liquid extraction procedures. SPE can be performed 
online or off-line with trace enrichment, removal of interference and exchange of sample 
matrix. The application of SPE to environmental analysis has made great progress in the 
past two decades, and SPE has been included in the official analytical methods of the US 
Environmental Protection Agency (USEPA) [58, 59]. In general SPE is an advantageous 
technique compared to methodologies based on liquid extraction, decreasing sample 
preparation time and reducing solvent usage with improved sensitivity and repeatability. 
However, plugging of the sorbent bed, requires large amount of solvent and multistep 
procedures are some of the disadvantages lead to analyte loss. Additionally, SPE can suffer 
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from breakthrough problems, which must be taken into account when developing routine 
methods. 
1.2.2.2 Solid-phase microextraction (SPME) 
Pawliszyn and coworkers (1992) developed an alternative to SPE; simple and 
solvent less SPME sample preparation technique. SPME procedure was applied for direct 
extraction, headspace extraction and an in-tube SPME procedure [60, 61]. The SPME 
procedure has been applied to wide range of matrices, food, natural products and 
pharmaceutical [62]. This process is based on partitioning of the analytes between the 
water phase and the organic coating (direct extraction, DI-SPME) or between the gas phase 
above the sample and the SPME fibre (headspace extraction, HS-SPME). Direct extraction 
is mainly suitable for clean samples while headspace extraction is the better choice for 
dirty liquid samples and volatility of the analytes. After a completed extraction, the coated 
fibre is introduced into a conventional GC injection port where the analytes are released by 
thermal desorption, normally taking 1¯10 min [63, 64]. 
 SPME is now used for the quantitative determination of a wide range of organic 
compound such as PAHs [65], organometallic compounds [66], phenols [67] and 
pesticides [68] [90], from various complex matrices such as sludge, water waste and soil in 
combination with analyses by HPLC [69], LC-MS [70], GC-ECD [71], GC-MS [72, 73]. 
SPME completely eliminates the usage of organic solvents. However, the SPME fibers are 





1.2.2.3 Single drop microextraction 
More recently (1996), a very simple extraction procedure was developed. Single 
drop microextraction (SME) or liquid-phase microextraction (LPME) uses immiscible 
organic solvent [75, 76]. In the micro drop approach, several different concepts have been 
reported. In one system, a 1 or 2 µl drop of an organic solvent immiscible with water was 
suspended from the tip of a microsyringe needle and into a stirred sample solution. Two 
modes of LPME i.e static and dynamic LPME have been reported using conventional 
syringe [77-79]. In dynamic LPME, the extraction of analytes was obtained by 
withdrawing organic solvent and aqueous samples into the syringe using portable syringe 
pump [81]. Drop based LPME has been applied to environmental analysis for different 
matrices including aqueous samples [82], urine [83] and soil samples [84]. Liu and Lee 
developed a drop based continue flow microextraction technique [85]. Sample enrichment 
was performed between the organic drop and the sample solution, which was continuously 
flowed on the solvent drop. 
 
1.2.2.4 Solvent microextraction/back extraction 
Zhu and Lee et al [86] performed a solvent micro extraction simultaneous back 
extraction (SME/BE) for ionizable analytes from aqueous samples. In this system, which 
consists of three liquid phases. They are 1) donor solution; pH is adjusted alkali or acidic 
range, 2) organic solvent phase and 3) acceptor solution. The unsupported liquid organic 
phase is held within a Teflon ring to develop an organic solvent layer, and the micro drop 
of the acceptor phase is suspended in the organic phase directly from the tip of the syringe 
needle. With the help of stirring, the analytes are extracted from the donor solution into the 
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solvent phase and back-extracted simultaneously into the acceptor phase and from this 
extraction procedure analytes are preconcentrated and purified. Their target compounds 
were recovered within a short period of time. 
Drop based microextraction procedures provide an inexpensive and fast sample 
preparation technique. However, stability of the solvent drop and selectivity of the analytes 
are limited. Further more, longer extraction times, and high sample agitation speeds are not 
suitable [79].  
 
1.2.2.5. Liquid-phase microextraction supported by hollow fiber membrane 
 Hollow fiber membrane (HFM) based extraction techniques offer an efficient 
alternative to classical LLE sample preparation techniques [87]. Recently a new and 
disposable HFM based liquid-phase microextraction (LPME) has been introduced [88].  
 The polypropylene fiber used for LPME is less expensive compared to commercial 
SPME fibres, and a fresh piece is used for each extraction to avoid cross contamination. 
Additionally, hollow fiber-supported-LPME provides high enrichment, and can also be 
used as a clean up device for complex matrices [88]. As LPME is a miniaturized technique, 
which requires only a few microlitres of organic solvents and few millilitres of sample, this 
significantly reduces of solvent and sample used compared to traditional sample 
preparation techniques. LPME technique is generally compatible with capillary 
electrophoresis [89, 90] and HPLC [91].  
1.2.2.5.1. Liquid-phase microextraction procedure 
A 10-µl microsyringe (0.47mm O.D.) (SGE, Sydney, Australia) was used for 
LPME. The experimental setup is shown in Figure 1.1. Before extraction, syringe was 
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rinsed with acetone followed by toluene for about 10 to 15 times to avoid carryover and air 
bubble formation. 5 µl of toluene was into the syringe. The disposable hollow fiber (1.3-
cm length) was inserted onto the conical tip of the syringe.  
 
Figure 1.1 Experimental setup of LPME 
The fibre was immersed in toluene for three seconds to dilate the pores prior to extraction 
of analytes from the sample solution. The hollow fiber-containing syringe was immersed 5 
mm below the surface of a 5-ml sample solution. The syringe plunger was depressed to fill 
the hollow fiber with toluene. The hollow fiber was exposed for up to 30 minutes (under 
the optimum conditions). After extraction, the hollow fiber assembly was removed and 2-
µl of extract was carefully withdrawn into the syringe and then injected into the GC-MS.  
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1.2.2.5.1.2. Basic principles of LPME 
In LPME, the principles of LLE and the miniaturized nature of SPME are 
combined to realize the advantages of both techniques. Briefly, the analytes of interest are 
extracted from about 5 ml of aqueous environmental samples into smaller volumes 
(typically 5 µl) of water immiscible organic solvents (acceptor solution) present inside the 
lumen of porous hollow fibers. LPME is an equilibrium process and can be very effective 
for analyte enrichment because of the increase in the volume ratio of donor solution and 
acceptor phase.  
In addition to enrichment, substantial sample clean-up can also be achieved with 
the use of a suitable organic solvent. In the interest of using the same solvent for extraction 
of semi-polar and non-polar analytes, toluene was investigated along with several other 
organic solvents (hexane, dichloromethane, chloroform and isooctane). Toluene 
demonstrated good selectivity and no significant solvent loss during extraction. As a result 
of analyte enrichment and sample clean-up, the LPME extract does not require any further 
handling before the GC analysis. 
 
1.2.2.5.3. Enrichment factor of LPME procedure 
The enrichment factor Ef was calculated based on the following equation 
Ef=1/(Vo/Va+1/K) 
where as K is the distribution coefficient, Vo is volume of organic solvent and Va is volume 
of aqueous sample. K is calculated based on the two-phase equilibrium condition 
          K=Co eq/Ca eq
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where Co eq is the concentration of analyte in the organic phase and the Ca eq is the 
concentration of analyte in the aqueous phase. The optimum conditions were applied to 
investigate the enrichment factors of analytes.  
 
1.2.2.5.4. Scope of this study 
 
This work is reported in four parts (including this section). In the second part, the thesis 
deals with the development of SPME and LPME based microextraction techniques. In this 
section, AP and BPA were extracted from seawater samples using headspace-SPME and 
triazines were extracted from bovine milk and sewage sludge samples using HFM-SPME 
procedures. Further development of HFM-LPME for the enrichment of EDCs in various 
complex environmental matrices such as seawater, rainwater and blood plasma samples 
were also looked into. In the third part, the focus is on POPs in solid samples (sediments) 
analyzed by microwave-assisted digestion (MAD) coupled with HFM-LPME. Part four 
give summary of the work. 
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Chapter 2: Analysis of Aqueous Samples using 















2.1. Introduction  
 
 GC analysis of alkylphenols (APs) and bisphenol-A (BPA) require derivatization. 
Several derivatization procedures are available for alkylphenols and bisphenol-A e.g., 
methylation [1], acetylation [2], and silylation [3]. We elected to use silylation because it 
was generally faster although care was needed because of its sensitivity to moisture. The 
aim of this work was to develop a simple and efficient method based on SPME for 
extraction and derivatization APs and BPA from seawater for gas chromatography-mass 
spectrometric analysis. The performance of the HS-SPME procedure was compared with 
the conventional LLE procedure. 
 
2.1.1. Chemicals and reagents 
 The following chemical standards (purity ≥ 97%) were obtained from 
Wako Chemicals (Tokyo, Japan): 4-n-butylphenol, 4-t-butylphenol, 4-n-pentylphenol, 4-
n-hexylphenol, 4-n-octylphenol, 4-t-octylphenol, 4-n-heptylphenol, 4-nonylphenol, 2,4-
dichlorophenol, pentachlorophenol and bisphenol-A. Naphthalene-d8 (98%), pyrene-d10 
(98%), phenanthrene-d10 (99%), and bisphenol-A-d14 (98%) were used as surrogate 
standards. The derivatization agent bis(trimethylsilyl)trifluoroacetamide (BSTFA) (purity 
>98%) and all HPLC-grade organic solvents were purchased from Merck (Darmstadt, 
Germany). Ultrapure water was prepared on a Milli-Q (Milford, MA, USA) system. A 
standard stock solution of 50µg ml-1 of each analyte was prepared in acetone. A working 
standard solution (10 µg ml-1 of each analyte) was prepared by dilution. The SPME fiber 
holder and fibers (PDMS 7µm, 100µm and PA 85µm) were purchased from Supelco Inc. 
(Bellefonte, PA, USA) and used without modification. Before extraction the fibers were 
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conditioned in the GC injector port based on the manufacturer’s recommended procedure. 
After conditions, the fibers were checked for contamination and ghost peaks by making 
blank runs. Oasis-HLB solid-phase extraction cartridges were purchased from Waters 
(Milford, MA, USA). APs and BPA are estrogenic compounds and the necessary safety 
measures were observed. All the experiments were performed in the fume hood and non-
permeable gloves were used to handle them. 
 
2.1.2. GC-MS Analysis 
 
Analysis was carried out using a Shimadzu (Tokyo, Japan) QP5050 GC-MS 
system equipped with a Shimadzu AOC–20i autosampler and a DB-5 fused silica 
capillary column (30 m x 0.32 mm I.D., film thickness 0.25µm, J & W Scientific, 
Folsom, CA, USA). Helium was used as the carrier gas at a flow rate of 2.1 ml min-1. 
Extracted SPME fibers were injected into the GC-MS in splitless mode with an injection 
time of 2 min. The injection temperature was set at 300ºC, and the interface temperature 
at 270ºC. The GC temperature programme was as follows: initial temperature 50ºC, held 
for 2 min, then increased by 20ºC min-1 to 100ºC, a second increase at 10ºC min-1 to 
200ºC, and a third increase at 20ºC min-1 to 300ºC held for 7 minutes. The pressure 
programme was as follows: carrier gas pressure 40 kPa (for 5 min), then increased by 2 
kPa per min-1 to 70 kPa, held for 7 minutes. The most abundant ion present was selected 
to quantitation, while a further two ions were used for confirmation of the individual 




 Table 2.1.1. Retention time and Characteristic Ions Used for GC/MS-SIM Analysis of AP 
and BPA 
Analytes Retention time Target (m/z) ion  Confirmation (m/z) ion 
 (min)  (relative intensity)  (relative intensity) 
      
4-t-butylphenol 11.2  207.10 (100)  280.10 (16.50), 222.10 (13.79)
2,4 dichlorophenol 11.4  218.95 (100)  220.95 (72.40),  234 (33.65) 
4-n-butylphenol 12.1  179.10  (100)  222.10 (18.59), 207.10 (33.65)
4-n-pentylphenol 13.4  179.10  (100)  236.15 (14.19), 221.10 (9.50) 
4-n-hexylphenol 14.7  179.10  (100)  250.15 (12.03), 207.10 (4.17) 
4-n-heptylphenol 15.7  179.10 (100)  264.20 (13.00), 249.15 (3.60) 
4-nonylphenol 16.1  207.10 (100)   221.10 (8.90), 208.10 (10.57) 
4-n-octylphenol 16.5  179.10 (100)  278.20 (10.21), 263.10 (1.70) 
pentachlorophenol 16.7  322.80 (100)  324.80 (66.32), 337.80 (19.52)
bisphenol-A 19.4  357.10 (100)  358.10 (36.32), 372.15 (14.24)
           
 
 
2.1.3 HS-SPME Procedure 
 
10-ml of purified water containing 50 µg l-1  each of APs and BPA was placed 
in a 30 ml screw-cap glass vial containing a 10 x 5 mm Teflon-coated stir bar, 300 mg 
of sodium chloride, 200 µl of acetone and 100 µl of diluted HCl (pH was adjusted to 
2). The vial was clamped inside a water thermostatic bath, which was placed on the 
hotplate/stirrer. The SPME fiber was exposed to the headspace for 60 minutes. The 
solution was stirred at 105-rad s-1 (1000 rpm; 1 rpm = 0.1047 rad s-1). After 
equilibrium was established between the fiber and aqueous solution, fiber was 
removed and exposed to headspace of a solution containing 200 µl of BSTFA in 2 ml 
of acetone (in a 10-ml vial) for 10 minutes at 70ºC. The fiber was then desorbed in the 
injection port of the GC for 2 minutes. Figure 2.1.1 shows the extracted chromatogram 
arising from HS-SPME from a solution spiked with 50 µg l-1 of each APs and BPA. 
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Linear range, limits of detection and precision of HS-SPME  of each analyte are listed 
in Table 2.1.2.  
 
 
   10                                     15 
                 Retention time  
 
Figure 2.1.1: HS-SPME after extraction of artificial seawater spiked at 50 µg l-1 of each 
analyte. [1] 4-n-butylphenol [2] 4-t-butylphenol [3] 4-n-pentylphenol [4] 4-n-hexylphenol 
[5] 4-n-octyl phenol [6] 4-t-octylphenol [7] 4-n-heptylphenol [8] 4-nonylphenol [9] 2,4-
dichlorophenol [10] pentachlorophenol [11] bisphenol-A 
 
2.1.4 Liquid-liquid extraction (LLE) procedure 
The extraction procedure was evaluated with artificial seawater sample (i.e. 
Coral Reef Red sea salt (Red Sea Fish Pharm (P), Eilat, Israel) dissolved to a salinity 
of 3% in purified water) spiked with a stock solution containing APs and BPA (final 
spiked concentration of 100 µg l-1 per analyte in 200 ml of samples). LLE was 
performed with 50 ml of dichloromethane. Prior to extraction, the sample pH was 
adjusted to 2 using dilute 1M HCl and 30% of sodium chloride. Extraction was 
performed twice. Anhydrous sodium sulphate was then added to the organic layer to 
remove trace amounts of water. Further clean-up was performed using Oasis-HLB 
SPE cartridges. Extracts were then preconcentrated in a rotary evaporator to a total 
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volume of 1 ml. Then BSTFA (100µl) was added, and the solution was kept in a 60ºC 
water bath for half an hour. After derivatization, 2 µl of extract was injected to a GC-
MS for analysis. The extraction recoveries, detection limits of each analyte are listed 
in Table 2.1.3.  
 
Table 2.1.2. Linearity range, limits of detection and precision level (%RSD) of HS-
SPME 
 
          
Analytes Linearity range Coefficient of  R.S.D*  Limit of  
  µg l-1 correlation (r) (%) detection  µg l-1
          
          
4-t-butylphenol 0-200 0.996 9.2 0.008 
2,4-dichlorophenol 0-200 0.994 9.2 0.036 
4-n-butylphenol 0-200 0.992 12.6 0.003 
4-n-pentylphenol 0-200 0.993 13.8 0.006 
4-n-hexylphenol 0-200 0.994 13.9 0.004 
4-t-octylphenol 0-200 0.992 9.9 0.003 
4-n-heptylphenol 0-200 0.995 8.3 0.012 
4-nonylphenol 0-200 0.992 13.4 0.027 
4-n-octylphenol 0-200 0.990 9.9 0.003 
pentachlorophenol 0-200 0.924 5.9 0.025 
bisphenol-A 0-200 0.969 10.9 0.003 
          
* n = 3 
 
2.1.5. Optimization of the SPME 
Two commercially available fibers polyacrylate (PA) and 
polydimethylsiloxane (PDMS) were investigated to determine their relative extraction 
efficiencies under the same sampling conditions. In general, the response was higher 
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by two or three times for the PA fiber (results are not shown), for all the analytes, and 

















4-t-butyl phenol 2,4-dichlorophenol 4-n-butyl phenol
4-n-pentyl phenol 4-n-hexyl phenol 4-t-octyl phenol
4-n-heptyl phenol 4-nonyl phenol 4-n-octyl phenol
Pentachlorophenol Bisphenol-A
 
Figure 2.1.2: HS-SPME extraction time profile for APs and BPA from artificial seawater 
spiked at 50 µg l-1 of each analyte. 
 
 The absorption time profile for the target analytes was studied for between 10 
and 70 min. Figure 2.1.2 shows that with some exceptions, extraction equilibrium of 
most of the analytes were attained after 60 min. Figure 2.1.3 illustrates the amount of 
APs and BPA extracted by a 85-µm PA fiber at extraction times of 60 minutes at 
temperatures ranging from 40ºC to 80ºC. The solution was stirred at 104.72 rad/sec 
(radian per second). An increase in extraction efficiency was observed when 
temperature was increased, up to 80ºC. The peak responses decreased beyond 80ºC 
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(not shown) as had been observed previously; this is attributed to the exothermic 


















4-t-butylphenol 2,4 dichlorophenol 4-n-butylphenol
4-n-pentylphenol 4-n-hexylphenol 4-t-octylphenol
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pentachlorophenol bisphenol-A  
Figure 2.1.3: Effect of temperature on HS-SPME 
 
 
The effects of sample pH over the range of 2 to 10, on extraction were 
investigated. As expected, at low pH, the neutrality of the phenols was maintained, 
and extraction was more efficient. Figure 2.1.4 shows the results. Addition of salt to 
the sample can enhance the availability of analytes for extraction [4]. Accordingly, the 
ionic strength of the solution was varied between 10 to 30% (w/v) by adding NaCl. 
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Figure 2.1.5: Effect of salt addition (10% to 30% NaCl) on efficiency of HS-SPME of 



















50 µl 100 µl 200 µl 400 µl
Figure 2.1.6: Effect of addition of volatile solvent (50-400 µl of acetone) to sample 
solution (10-ml) in HS-SPME. [1] 4-n-butylphenol [2] 4-t-butylphenol [3] 4-n-
pentylphenol [4] 4-n-hexylphenol [5] 4-n-octyl phenol [6] 4-t-octylphenol [7] 4-n-




 In HS-SPME, the volatility of the analyte is an important parameter and semi-
volatile and non volatile analytes were not easily extracted using HS-SPME. To 
address this problem a volatile solvent, acetone, was added to the sample to help 
release analytes from the matrix into the headspace, thus increasing their 
concentrations in the latter [7]. Initially, APs and BPA were extracted without solvent 
addition to the sample. The extraction efficiency was poor even at elevated 
temperature (up to 80ºC). At high temperatures poor analyte adsorption was observed. 
This is primarily because analyte adsoption in an exothermic process. Therefore, to 
avoid using elevated temperatures and improve the volatility of APs and BPA, a more 
volatile organic solvent (e.g. acetone, methanol or dichloromethane was added to the 
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seawater samples. Addition of acetone improved the extraction. The optimum amount 
of acetone was studied. Figure 2.1.6 shows the solvent effect in HS-SPME; the 
extraction yield is decreased when the amount of acetone exceeds 20% (200 µl). This 
result corresponds to that previously observed [8, 9]. Therefore 200 µl of acetone was 
selected as the optimum.  
 
200 µl of BSTFA was added to 2 ml of acetone in a 10-ml vial. The closed vial 
was then heated to 70ºC. The same SPME fiber, used earlier for extracting the 
analytes, was then exposed to the headspace. The optimum conditions were 10 
minutes derivatization time at temperature of 70ºC. 
In SPME, some of the analyte often remains on the fiber after desorption 
which causing carryover problems is subsequent extractions. This problem is more 
serious when analyzing low concentrations of volatile compounds [10]. Fiber 
desorption time and temperature were selected based on reliability of quantitation, 
desorption and minimum or no analyte carryover. Too high a desorption temperature 
may cause bleeding and shorten the life of the fiber. Desorption temperature was 
varied between 200ºC and 280ºC and according to our experiments, 280ºC gave 
complete desorption with no carryover. Over 10 min; no carryover was observed, 
indicating that these compounds are readily desorbed from the fiber during the 
injection. For five successive analyses, a desorbed fiber was tested for presence of the 




2.1.6. Linearity, precision, detection limit and comparison with LLE  
To evaluate the applicability of the proposed HS-SPME procedure, the 
repeatability, linearity and limits of detection were investigated using the optimum 
extraction conditions. The performance of this method is shown in Table 2.1.2. The 
calibration plots were linear over the range of 0 to 200 µg l-1 with correlation coefficients 
(r) between 0.9799 and 0.9965.  
Table 2.1.3. Extraction recoveries, relative standard deviation and limits of detection 
of APs and BPA using LLE and HS-SPME procedure 
 









 (%) (%) (µg l-1) Relative 
recovery (%)
(%) 
4-t-butylphenol 83.1 6.8 0.009 91.9 4.3 
2,4-dichlorophenol 87.3 15.5 0.017 92.2 3.2 
4-n-butylphenol 77.2 11.3 0.012 92.3 7.2 
4-n-pentylphenol 96.5 16.7 0.017 94.1 11.4 
4-n-hexylphenol 92.8 15.7 0.007 94.1 10.7 
4-t-octylphenol 95.9 18.4 0.011 93.2 12.6 
4-n-heptylphenol 86.9 16.9 0.009 92.1 11.6 
4-nonylphenol 95.4 16.5 0.029 101.7 6.3 
4-n-octylphenol 90.3 7.7 0.008 91.7 2.4 
pentachlorophenol 79.7 15.3 0.032 81.0 10.5 
bisphenol-A 73.9 4.8 0.013 79.8 2.1 
a = Internal calibration and *= n =5 
The repeatability study was performed by extracting seawater samples spiked at 
10 µg l-1 of each compound (five replicates). These results clearly demonstrate that HS-
SPME is suitable for analysis of trace level APs and BPA from trace level environmental 
samples. 
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The HS-SPME procedure was applied to analyze APs and BPA in artificial 
seawater samples. As a comparison, LLE was also used. Table 2.1.3 lists the detection 
limits, reproducibility and recoveries of the extracted analytes. HS-SPME results are 
better than those achieved from LLE procedure. The recoveries calculated in HS-
SPME (being based on equilibrium extraction [11]) are relative recoveries defined as 
the peak area ratios between ultrapure water and those extracted from artificial 
seawater samples, with both spiked at the same concentrations. Table 2.1.3 lists the 
limits of detection (LODs) and precision. The results are comparable with LLE (see 
Table 2.1.3) 
 
2.1.7. Application of the HS-SPME 
 
Table 2.1.4. APs and BPA concentrations (µg l-1) in seawater samples collected from 
the Straits of Johor near sewage treatment regions 
 
      Locations     
Analytes Sembawang 
Park 
Punggol Pasir Ris Changi Tuas Jetty Jurong 
Island 
Kranji 
 Concentration of  Aklylphenols and Bisphenol-A in µg l-1   
                
                
4-t-butylphenol 3.45 0.01 0.06 0.81 0.09 0.40 0.07 
2,4-dichlorophenol 2.16 0.08 1.14 2.35 1.88 3.33 2.91 
4-n-butylphenol 2.35 0.11 0.01 1.45 0.02 0.02 0.02 
4-n-pentylphenol 0.06 0.03 nd 0.71 nd 0.03 0.01 
4-n-hexylphenol 0.14 0.25 0.05 0.46 0.02 0.18 0.01 
4-t-octylphenol 0.20 0.07 0.02 1.34 0.03 0.13 0.03 
4-n-heptylphenol 3.12 0.53 0.02 4.31 0.02 0.06 0.02 
4-nonylphenol 1.59 0.81 0.25 2.59 0.66 1.36 1.33 
4-n-octylphenol 0.53 0.09 nd 1.31 0.02 0.14 0.01 
pentachlorophenol 0.59 0.10 0.04 1.68 0.06 0.13 0.05 
bisphenol-A 2.54 2.35 0.02 1.10 0.02 0.02 0.02 
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nd = not detected  
 
 
In order to evaluate and apply the method developed, surface coastal water from 
locations close to municipal waste water treatment plants, was collected and analyzed. 
The optimized HS-SPME conditions were applied to these seawater samples. Figure 2.1.7 
shows a chromatogram of a real sample (Jurong location) extract. Table 2.1.4 shows the 
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Figure 2.1.7: Chromatogram of APs and BPA extracted by HS-SPME. Seawater sample 
was collected from Sembawang Park. [1] 4-n-butylphenol [2] 4-t-butylphenol [3] 4-n-
pentylphenol [4] 4-n-hexylphenol [5] 4-n-octyl phenol [6] 4-t-octylphenol [7] 4-n-




The concentrations of nonylphenol (ca. 0.01-1.7 µg l-1) detected in this 
preliminary survey were lower than those reported elsewhere previously, i.e. Canada, 7.8 
µg l-1 [12]; upper New York Harbour, up to 70 µg l-1 [13], etc. However, BPA levels were 
higher than those reported for the Elbe river, Germany, 0.221 µg l-1 [14]. There has been 
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no previous systematic monitoring programme for these compounds in Singapore even by 
conventional techniques, so no comparison can be made. However, the results show that 




This study evaluated headspace SPME combined with GC-MS to determine trace 
amounts of APs and BPA in seawater samples. This method proved to be efficient and 
reliable for the rapid quantitative determination of APs and BPA in a wide range of 
matrices such as blood, urine and food products etc. The accuracy of results obtained by 
the procedure was sound and comparable to that achieved by liquid-liquid extraction. 
Based on the preliminary study of Singapore’s coastal waters, APs and BPA levels do not 
exceed the EPA guideline range (60-400 µg l-1) of maximum admissible concentration of 
phenols in seawater [15]. 
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 2.2.1. Introduction 
 
 Normally, the use of SPME to determine pesticides in complex matrixes (food 
samples, soil samples, biological fluids) requires sample pretreatment or modification of 
the sampling protocol in order to simplify the matrix and to prevent damage to the fiber 
[1, 2]. When a sample contains nonvolatile and high molecular interfering compounds, 
such as proteins, humic acids and fatty material, analysis using either DI-SPME or HS-
SPME is difficult. To overcome these difficulties, porous cellulose fiber protected direct 
SPME was used by Zhang et al [3] for the analysis of polycyclic aromatic hydrocarbons. 
This appears to be the only report on protected-SPME so far. 
 This present work deals with the introduction of a new material, polypropylene 
hollow fiber membrane (HFM), as a protective sleeve for the SPME fiber, in the 
extraction of triazine herbicides from complex matrices including milk and sewage 
sludge.  
 
2.2.2. Materials and Chemicals  
 Atrazine (purity 98%), Simazine (purity 99%), and Propazine (purity 98%) were 
purchased from Chemservice (West Chester, PA, USA); Secbumeton (purity 96%), 
Sebuthylazine (purity 98.6%), and Desmetryn (purity 99.5%) were from Dr. Ehrenstorfer 
GmbH (Augsburg, Germany). Internal standard (I.S.) Fluoranthene d-10 (purity 98.6%) 
was purchased from Sigma-Aldrich (St. Louis, MO, USA). Stock standard solutions were 
prepared in acetone at concentration levels of 500 µg ml-1 and stored at -20 °C. Working 
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solutions were prepared by dilution of stock standards with methanol. The Accurel Q 3/2 
polypropylene hollow fiber membrane was purchased from Membrana GmbH 
(Wuppertal, Germany). The inner diameter was 600 µm, the thickness of the wall was 
200 µm, and the pore size was 0.2 µm. HFM-SPME was performed with Carbowax–
divinylbenzene (CW–DVB), polydimethylsiloxane (PDMS)–DVB, PDMS and 
polyacrylate (PA) fibers housed in a manual holder (Supelco, Bellefonte, PA, USA). All 
SPME fibers were conditioned in a GC injection port under recommended conditions.  
2.2.3. Milk Sample Preparation 
Fresh full-cream milk samples were purchased off the shelf and stored at 4°C. A 
small portion of the milk samples (50 ml) was spiked with mixture of herbicide standards 
and used for method evaluation. After spiking, pH and ionic concentrations were adjusted. 
The sample was then stirred with a glass rod and allowed to equilibrate at room 
temperature for 5 min. The samples were extracted by HFM-SPME as described below. 
Sewage sludge samples were collected near a sewage treatment plant. 
2.2.4. HFM-SPME  
Performing SPME directly in a bovine milk sample is inherently more difficult 
owing to the presence of interfering compounds. The HFM-protected SPME setup is 















Figure 2.2.1. Schematic of HFM-SPME device. 
The internal diameter of the HFM (600 µm), is large enough to accommodate the 
SPME stainless steel protective tubing for the fiber. One end of an HFM (7 cm length) 
was sealed by flame. A 10 ml vial was filled with 5 ml of the milk sample (30% (w/v) 
sodium chloride and adjusted to pH 10). The HFM-protected SPME fiber was exposed to 
the sample solution for 40 min to attain extraction equilibrium. Each sample was stirred 
vigorously (131 rad/s) during the extraction step using a stir bar. After extraction, the 
HFM was disposed of and thermal desorption of the analytes was achieved as normal, by 
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inserting the sorbent fiber into the GC injection port (held at 280°C) for 5 min. All 
desorptions were performed in the splitless mode. Like direct SPME, the fibers were 
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 extract milk samples without protecting the SPME fiber. 
position on the GC column and some peak tailing (Figure 
FM-SPME gave good separation and well resolved peaks 
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(Figure 2.2.2b). It can also be anticipated that the lifetime of the column would be 
considerably shortened under these conditions. 
2.2.5. GC/MS Analysis  
Analysis of triazines was performed on a Shimadzu (Tokyo, Japan) QP2010 
GC/MS system. The GC was fitted with DB-5 column (30 m, 0.32-mm i.d., 0.25 µm) 
from J&W Scientific (Folsom, CA, USA). Helium was used as the carrier gas at a flow 
rate of 1.8 mL/min. The following temperature programme was employed: Initial 
temperature 90 °C for 4 min; increased at a rate 25 °C/min to 160 °C, held for 2 min; then 
another increase at 2 °C/min to 180 °C and a third increase at  20 °C/min to 280 °C, held 
for 5 min. The injector temperature was 280 °C, and all injections were made in the 
splitless mode. The detector was scanned over the m/z range 50-500 to confirm the 
retention times of the analytes. For determination of triazines, selected ion monitoring 
(SIM) was performed. For confirmation of triazine ions tentatively identified by SIM, 
two characteristic fragment ions were monitored in addition to the most intensity ion. The 
interface temperature was set at 200 °C.  
 
2.2.5. Optimization of HFM-SPME  
Prior to the determination of triazine herbicides from milk samples by HFM-
SPME, parameters that were deemed to be important for efficient extraction, such as 
extraction time, extraction temperature, sample pH and the ionic concentration of the 
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sample were optimized. The precision and linearity relating to the calibration plots were 
investigated.  
The type of SPME fibers used plays an important role in the extraction and 
analysis of analytes. Four different commercially available SPME fibers were evaluated 
for HFM-SPME with milk samples. The extraction efficiencies for the herbicides with 
various fiber coatings are shown in Figure 2.2.3. As expected, the moderately polar 
















Simazine Atrazine Propazine Secbumeton Sebuthylazine Desmetryn
 
Figure 2.2.3. Extraction efficiency of various fiber coatings for extraction of triazines 
from milk samples using HFM-SPME-GC-MS 
 
The PDMS/DVB gave comparable results with more polar PA and 
Carbowax/DVB fibers. Therefore, the 65-µm PDMS/DVB fiber was used for further 
HFM-SPME investigations of triazine extraction from milk samples. The adsorption 
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profile of the triazine herbicides in milk sample on the PDMS/DVB was determined by 
extracting the analytes for 10–60 min at room temperature. The highest extraction was 
achieved at 40 min for all analytes (Figure 2.2.4). During long extraction times, fatty and 
protein materials were more likely to clog the pores of the HFM and reduce the diffusion 

















Figure 2.2.4. HFM-SPME extraction time profile for triazines from milk sample. 
 
Increasing the sampling temperature can normally speed up mass transfer and 
allow HFM-SPME to extract more analytes although in some reports, increase in 
temperature caused low analyte enrichment [5]. Five temperatures ranging from 40 °C to 
100 °C were studied in this work. As shown in Figure 2.2.5. where the extraction yields 
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are plotted against temperature, Simazine, Atrazine and Propazine showed the highest 
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Figure 2.2.5.  Effect of milk sample temperature on extraction efficiency of HFM-SPME 
 
A higher temperature (>80 °C) was not suitable to increase extraction efficiencies, as 
Figure 5 shows. It is possible elevated temperatures affect the adsorptive properties of the 
SPME fiber. Thus, 80 °C was optimum and was used for subsequent experiments.  
The influence of extraction pH on HFM-SPME over the range of 2 to 13 was 
investigated. Figure 2.2.6. shows the extraction efficiency at different pH conditions. At 
pH 10 we obtained higher responses than at strongly acidic or basic conditions. This 
could be due to hydrolysis of triazines under strongly acidic or basic aqueous 

























Figure 2.2.6. Effect of pH of milk sample solution on HFM-SPME. Concentration, 20 µg 
l-1 of each analyte. Extraction time, 40 min stirring speed 131 rad s-1 and sample 
temperature 80°C (n=3). 
 
The impact of sodium chloride addition to the milk sample was investigated. As 
triazines are relatively polar analytes, the addition of salt proved to be very effective in 
increasing the extraction yield of triazines in HFM-SPME. Salt flocculates the milk 
sample and decreases the solubility of the analytes in this matrix, enhancing the 
extraction by the fiber. Figure 2.2.7. summarizes the results. Sodium chloride at >30% 
led to a decrease in the extraction of the triazines, possibly due to its effect on the HFM 
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Figure 2.2.7. Effect of sodium chloride concentration on HFM-SPME of triazines from 
milk sample 
 
2.2.6. Linearity, Limits of Detection, and Repeatability  
To evaluate the applicability of the proposed HFM-SPME procedure, the 
repeatability, linearity and limits of detection were investigated using the optimum 
extraction conditions. The performance of this method is shown in Table 2.2.1. The 
calibration plots were linear over the range of 0 to 200 µg l-1 with correlation coefficients 
(r) between 0.9799 and 0.9965 (Table 2.2.1). LODs of triazines in the milk samples were 
in the range of 0.003 to 0.013 µg l-1. The LODs of the proposed method are comparable 
with DI-SPME of water samples [8]. Therefore, the proposed extraction procedure could 
be useful for trace level environmental analysis without further pretreatment. The 
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repeatability study was performed by extracting milk samples spiked at 1 µg l-1 and 20 µg 
l-1 of each compound (three replicates).  
Table 2.2.1. Relative Recoveries, Precision (RSDs, n = 3), Linearity, and LODs (S/N = 3) 
of HFM-SPME 
              
       
Analyte Spiked milk samples (%)  *Correlation  LODs 
 1 µg l-1 20 µg l-1      coefficient  (µg l-1) 
       
Simazine 56.9 ± 4.4 94.1 ± 9.8  0.9923  0.007 
Atrazine 61.5 ± 8.2 101.5 ± 5.4  0.9874  0.005 
Propazine 98.2 ± 12.4 107.2 ± 4.3  0.9799  0.003 
Secbumeton 77.3 ± 11.4 88.4 ± 4.6  0.9928  0.006 
Sebuthylazine 84.2 ± 11.9 98.8 ± 2.8  0.9928  0.003 
Desmetryn 86.1 ± 4.5 94.5 ± 10.5  0.9965  0.013 
       
* Linearity range 0-200 µg l-1      
 
HFM-SPME is not an exhaustive, but rather an equilibrium extraction procedure. 
Relative recoveries were calculated based on the extraction of spiked ultrapure water in 
comparison with spiked milk sample at the same level of spiking. The recoveries varied 
between 57% and 107% and the RSDs were calculated to be from 4.3 to 12.3%.  
Optimized conditions from previous reports were used in this work for DI-SPME 
and HS-SPME [9, 10]. Figure 2.2.7 shows the comparison of HFM-SPME with DI-
SPME (used for extraction from a spiked water sample, since the later cannot be used for 
milk samples), and HS-SPME. In view of the HFM protection of the SPME fiber, HFM-

























 Figure 2.2.7. Comparison of direct SPME of ultrapure water with HFM-SPME and 
headspace-SPME of milk samples. Concentration of each analyte, 50 µg l-1  
 
 
     In HFM-SPME, the extraction is slower than for DI-SPME due to analytes needing to 
diffuse through the HFM [4, 11]. However, it seems probable that the HFM prevents 
substances such as fats, proteins and other substances from interfering with the 
extraction. HFM-SPME gives better enrichment than HS-SPME (see Figure 2.2.7) which 
allows us to determine sub-ppb concentrations of triazines in milk samples without 
further sample pretreatment.  
As an additional demonstration of the applicability of HFM-SPME developed in 








 Spiked sludge samples (20 µg l-1)  Spiked sludge samples (100 µg l-1)  
Analyte % relative recovery % RSD  % relative recovery % RSD LODs
      (ng/g)
       
Simazine 106.2 1.1  95.6 6.2 0.005 
Atrazine 98.6 7.1  95.5 5.7 0.003 
Propazine 93.3 8.3  97.7 9.4 0.001 
Secbumeton 113.2 2.2  107.8 7.3 0.004 
Sebuthylazine 101.3 8.1  103.6 8.6 0.002 
Desmetryn 105.9 12.3  107.5 12.9 0.009 
             
 
The data in Table 2.2.2 show the suitability of the procedure to the analysis of 
triazines from these samples. The percentage recovery for samples with two different 
spiked concentrations (20 µg l-1 and 100 µg l-1) varied between 93.33 and 107.78% and 
the %RSDs were <13%. The present method was able to overcome the problems 
encountered in normal SPME because of the protection afforded by the HFM. Typically, 
in normal SPME, particles must be removed from samples by filtration before extraction. 
The HFM addresses this issue and also eliminates the possible damage to the fiber; high 
molecular-mass compounds and particulates were prevented by the membrane from 





This study has demonstrated the feasibility of using a polypropylene hollow fiber 
membrane (HFM) protective sleeve for the SPME fiber in the microextraction of triazines 
from “dirty” and complex matrices. For milk sample, there is no need for defatting and 
deproteinization. The HFM, apart from being protective of the SPME fiber, also acts as a 
barrier to interfering substances in the milk. Additionally, the applicability of HFM-
SPME was extended to sewage sludge samples. As with milk samples, HFM-SPME of 
the latter sludge samples achieved good enrichment, low limits of detection, i.e. lower 
than USEPA and EU requirements, and satisfactory relative standard deviations. This 
procedure has a disadvantage: unlike direct immersion or headspace SPME, automation 
cannot be implemented easily and conveniently. However, it is potentially ideal for the 
direct extraction of analytes from biological and other complex and “dirty” samples.  
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2.3: Hollow Fiber Membrane-Protected Liquid-phase 
Microextraction Coupled with Injection Port-Derivatization 







In this chapter, a method for the analysis of APs and BPA from aqueous samples 
is proposed. The analytes were extracted by hollow fiber membrane protected-LPME 
(HFM-LPME). The extract was injected into the GC, followed immediately by an 
injection of BSTFA to directly derivatized the phenols before analysis. Conditions 
influential to the extraction and derivatization were optimized. The optimised parameters 
were applied to the analysis of real environmental samples. 
 
2.3.1. LPME conditions 
The experimental setup of LPME is shown in (Figure 1.1). Alkylphenols (APs) and 
bisphenol-A were extracted for 30 minutes using toluene as extraction solvent. After 
extraction, the hollow fiber assembly was removed and 2-µl of extract was carefully 
withdrawn into the syringe and then injected into the GC-MS. The 2-µl of BSTFA was 
injected immediately in the GC injection port using a separate syringe. 
 
2.3.2. Derivatization of alkylphenols and bisphenol-A 
 
Derivatization of APs and BPA is necessary to achieve good recoveries and 
precision. BSTFA is a suitable silylation agent for phenolic compounds by direct 
derivatization in solution. In this procedure, incomplete derivatization has often been 
reported due to excessive reagent and moisture content. Removal of excess, unreacted 
BSTFA in the solution is necessary, otherwise poor resolution of chromatographic peaks 
results. Various approaches have been reported to remove excess BSTFA. In our study, to 
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overcome these problems the analytes after LPME were directly derivatized in the GC 
injection port. At high GC injection port temperature, BSTFA is easily volatilised and 
can completely derivatise the phenolic compounds. Figure 2.3.1 shows a chromatogram 
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Figure 2.3.1. Chromatogram of APs and BPA in spiked (40 µg l-1) in artificial seawater 
sample (a) underivatized analytes and (b) derivatized analytes using GC-injection port 
derivatization. [1] 4-n-butylphenol [2] 2-4-dichlorophenol [3] 4-t-butylphenol [4] 4-n-
pentylphenol [5] 4-n-hexylphenol [6] 4-n-heptylphenol [7] 4-nonylphenol [8] 4-n-octyl 
phenol [9] pentachlorophenol [10] bisphenol-A. 
 
 
2.3.3. Results and Discussion 
The selectivity of the current procedure was examined by studying extraction 
solvent, time, the influence of the extraction pH and (amount of sodium chloride added) 
to the sample solution, stirring speed and concentration of the derivatizing agent.  
Since the extraction of analytes in LPME is based on an equilibrium distribution 
process, the amount of analyte extracted at a given time depends on the mass transfer of 
the analyte from the aqueous phase to the hollow fiber containing organic solvent. The 
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Figure 2.3.2 Effect of extraction time on HFM-LPME 
 
The aqueous solution was spiked with 40 ng l-1 of each phenol was exposed for periods 
ranging from 10 to 50 minutes. The sample was continuously stirred with a 12-mm 
magnetic bar. Figure 2.3.2 shows that for most of the analytes, equilibrium was attained 
after 30 minutes of extraction. 
In conventional LLE, polar solvents such as trichloromethane [1] and 
dichloromethane [2] have been used for extracting from aqueous samples due to the 
relatively polar nature of phenols. Suitable extraction solvents used in LPME are limited 



















































































Figure 2.3.3. Influence of organic solvent on HFM-LPME 
 
 Based on these conditions, toluene, hexane, n-nonane and isooctane were 
evaluated. These solvents have different chemical characteristics such as polarity, 
volatility and solubility in water. For each solvent, the enrichment factor measured by 
GC/MS peak areas (for sampling volume of 2µl) was calculated and is shown in Figure 
2.3.3. The data obtained suggested that using toluene as the extraction solvent could 
achieve higher enrichment factor than the other solvents. The influence of stirring speeds 
between 21 and 73 rad/s was evaluated. Figure 2.3.4 shows that higher stirring speeds 
























Figure 2.3.4: Effect of stirring speed on HFM-LPME.  
 
However, due to the small volume of sample solution considered, higher stirring speeds 
(above 73 rad/s) caused air bubble formation and some solvent evaporation. This resulted 
in poor precision. Therefore, 73 rad/s was selected as the optimum stirring speed.  
The investigation of the effects of pH on APs and BPA extraction by LPME was 
undertaken in order to find an optimum pH value. The variation of pH from 2 to 13 was 
investigated. pH was adjusted with 0.1M HCl and 0.1M NaOH. Figure 2.3.5 shows the 
effect of pH on extraction. A higher extraction yield was observed at pH 2. As expected, 
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pentachlorophenol bisphenol-A  
Figure 2.3.5. Effect of pH of sample solution on HFM-LPME. Concentration, 40 µg l-1 
for each compound. Extraction time, 20 minutes. Stirring rate, 700 rpm. 
 
At pH value 12, the extraction yield was considerably decreased; this is attributed to the 
higher rate of hydrolysis of APs and BPA under alkaline conditions. The optimum value 
of pH 2 was chosen for subsequent analysis. In LLE it is common practice to add salt to 
aqueous samples in order to enhance the partition of polar analytes into the organic 
phase. The effect of decreasing solubility of organic compounds by the addition of salt is 
known as salting out [3]. Indeed, salting out effects were observed and reported in many 
studies [4-6]. The influence of adding sodium chloride to the sample solution on LPME is 



























Figure 2.3.6. Effect of addition of sodium chloride on HFM-LPME 
 
 The addition of sodium chloride decreases the solubility of phenols and increases 
the diffusion rate of the analytes into the organic solvent held by the hollow fiber. 30% 
sodium chloride appeared to be optimum, and was therefore used for subsequent 
extractions. We also investigated the influence on LPME of different volumes of BSTFA 
in the range of 0 to 3µl. The results, shown in Figure 2.3.7 indicated that the 
derivatization efficiencies were better when 2 µl of BSTFA was used. After every 10 
analyses a blank run was performed to avoid BSTFA contamination caused by the 
“soiled” septum. Compared with LLE and SPME conducted in this work, LPME coupled 
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Figure 2.3.7. Influence of BSTFA volume on injection port derivatization after HFM-
LPME 
 
2.3.4. Linearity, precision and detection limits 
 
The linearity range, precision, reproducibility and limits of quantification were 
evaluated. The linearity of the method was tested at different concentration levels, 
ranging from 0 to 250 µg l-1. The extraction procedure was used for an external 
calibration and linearity between 0.995 and 0.984 was obtained. The reproducibility of 
the extraction procedure was determined by performing five consecutive extractions at 
the optimum extraction conditions. RSD values ranged from 5.9 % (pentachlorophenol) 




Table 2.3.1. Linearity, Enrichment Factor, Precision (RSDs, n =3) and LODs (S/N = 3) of 
HFM-LPME 
 
            
Analytes Linear range Linearity Enrichment % RSD LODs 
 (µg l-1) r2 factor  (µg l-1)
      
4-t-butylphenol 0-250 0.9937 84 9.2 0.007 
2,4,-dichlorophenol 0-250 0.9929 123 9.2 0.014 
4-n-butylphenol 0-250 0.9934 122 12.5 0.005 
4-n-pentylphenol 0-250 0.9942 162 13.8 0.007 
4-n-hexylphenol 0-250 0.9941 144 13.9 0.005 
4-n-heptylphenol 0-250 0.9947 156 9.9 0.011 
4-nonylphenol 0-250 0.9922 148 13.4 0.006 
4-n-octylphenol 0-250 0.9944 156 9.9 0.010 
pentachlorophenol 0-250 0.9839 136 5.9 0.015 
bisphenol-A 0-250 0.9891 105 10.9 0.014 
            
 
LODs were in the range of 0.005 to 0.016 µg l-1 (see Table 2.3.1). When determining 
LODs, a sample blank was carried out every time to confirm that no carryover occurred. 
 Artificial seawater samples were extracted by LPME, LLE and SPME. Optimum 
conditions of LLE and SPME are shown in experimental section (2.2 and 2.6). The 
recoveries and RSDs of all three methods are shown in Table 2.3.2. Data for the LPME 
of tap and reservoir water method are also shown (see below). LPME and SPME offer 
comparable recoveries and RSDs for artificial seawater whereas LLE recoveries are 
lower than both. SPME gave precision of between 5.9% and 13.9% (with 70 minutes 
extraction time). LLE achieved precision of between 4.8% and 18.4% (with 60 minutes 
extraction time).  
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Table 2.3.2. Extraction of Alkylphenols and Bisphenol-A from Tap Water, Reservoir 
Water and Artificial Seawater by HFM-LPME combined with Injection Port 
Derivatization (n=3) and LLE (n =5), SPME (n =4) 
 
 
 LPME         LLE a SPME 




 Artificial Seawater 







       
4-t-butylphenol 103.4 (6.7) 94.0 (7.6) 97.1 (12.8)  83.1 (6.8) 91.9 (9.2) 
2,4,-
dichlorophenol 
116.2 (13.5) 97.9 (10.7) 95.5 (8.1)  87.3 (15.5) 92.2 (9.7) 
4-n-butylphenol 91.0 (5.2) 87.1 (11.6) 89.0 (12.9)  77.2 (11.3) 92.3 (12.5) 
4-n-pentylphenol 83.1 (7.4) 87.0 (17.2) 84.6 (17.1)  96.5 (16.7) 94.0 (13.7) 
4-n-hexylphenol 87.3 (5.3) 86.8 (9.8) 90.2 (11.7)  92.8 (15.7) 94.1 (13.9) 
4-n-heptylphenol 91.8 (10.8) nc 98.7 (12.6)  95.8 (18.4) 93.2 (9.9) 
4-nonylphenol 88.2 (5.6) nc 88.5 (12.3)  86.8 (16.9) 92.0 (8.3) 
4-n-octylphenol 93.1 (10.0) 92.5 (17.7) 98.7 (6.8)  95.4 (16.5) 101.6 (13.4) 
pentachlorophenol 75.4 (14.5) 98.6 (13.6) 87.3 (11.4)  90.3 (7.7) 91.7 (9.9) 
bisphenol-A 106.3 (14.3) 103.5 (14.5) 119.7 (9.8)  73.9 (4.8) 81.0 (5.9) 
              
 
a = 100 µg l-1 of each analyte spiked into artificial seawater. Recoveries were calculated 
using internal standard calibration. 
nc = not calculated 
These values are comparable with those obtained by the proposed LPME method (RSDs 
between 5.2% and 17.7%) but the extraction time was only 30 mins. Therefore, analysis 
of APs and BPA using LPME with GC injection port derivatization is suitable for routine 
and complex environmental analysis.  
 
2.3.5. Water samples 
The present method was also used to analyse reservoir and tap water. Tap water 
showed no trace of APs and BPA. In reservoir water, nonylphenol and heptylphenol were 
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detected at concentrations of 0.02µg l-1 and 0.15µg l-1, respectively. The relative 
recovery, defined as the peak area ratio between ultrapure water and other water samples 
spiked at the same concentration (40 µg l-1) was calculated and shown in Table 2.3.2. The 
mean recoveries obtained for APs and BPA spiked in the two types of water ranged 
between 70.0% and 116.0%. The results shown in Table 2.3.2 clearly indicate no matrix 
interferences.  
 
Table 2.3.3. Alkylphenols and Bisphenol-A in Seawater Samples in Singapore Coastal 
Environment 
 
              
  Concentration (µg l-1)  
Analytes Sembawang 
Park 




       
4-t-butylphenol 0.03 0.01 0.03 0.03 1.06 0.95 
2,4,-dichlorophenol 0.05 0.24 0.08 nd 0.53 1.55 
4-n-butylphenol 0.01 0.11 0.05 0.02 0.44 0.59 
4-n-pentylphenol nd 0.02 0.01 0.01 0.20 0.06 
4-n-hexylphenol 0.01 0.03 0.04 nd 0.55 1.86 
4-n-heptylphenol 0.03 0.01 0.02 0.01 0.54 0.32 
4-nonylphenol 1.03 1.63 0.37 0.32 2.40 2.76 
4-n-octylphenol 0.05 0.02 0.02 0.10 0.19 0.13 
pentachlorophenol 0.03 0.14 0.10 nd 1.65 0.09 
bisphenol-A 0.04 0.19 0.04 0.05 0.17 0.04 
nd = not detected 
To complete the study, the LPME procedure was applied to genuine seawater samples. 
Samples were collected from coastal environments in the vicinity of six major effluent 
treatment plants. The determined concentrations are given in the Table 2.3.3. The 
detected concentrations of APs ranged between “non-detected” (below limit of 
quantification) and 2.76 µg l-1, and of BPA between 0.04 µg l-1 and 0.19 µg l-1.  
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 2.3.6. Conclusions 
In the present work, a simple LPME procedure combined with GC-injection port 
derivatization has been developed for APs and BPA in aqueous samples. The results 
showed that LPME-GC-injection port derivatization is a promising method for APs and 
BPA and has good agreement with the performance of SPME and LLE. The newly 
developed microextraction procedure can achieve LODs ranging from 0.005 to 0.016 µg 
l-1 which exceed the requirement for environmental analysis. The method is affordable, 
simple to use, and the hollow fiber can be discarded after each extraction to avoid 
carryover and cross-contamination.  
 
2.3.6. References 
[1] M. I. H. Helaleh, S. Fujii, T. Korenaga. Talanta. 54 (2001) 1039. 
[2] A. Gonzales-Casado, N. Navas, M. del Olmo, J. L. Vilchez, J. Chromatogr. Sci. 36 
(1998) 565. 
[3] R. Fessenden, J. Fessenden, (Eds), Organic Laboratory Techniques, Brooks/Cole 
Publishing, Monterey, CA, 1984  
[4] L. Pan, M. Adams, J. Pawliszyn. Anal. Chem. 67 (1995) 4396. 
[5] T. K. Choudhaury, K. O. Gerhardt, T. P. Mawhinney. Environ. Sci. Technol. 30 
(1996) 3259. 
[6] D. G. Hela, T. M. Sakellarides, I. K. Konstantinou, T. A. Albanis, Int. J. Environ. 














2.4: Hollow Fiber Membrane-Protected Liquid-phase 





 2.4.1. Introduction 
The objective of this study was to develop a simple, efficient extraction procedure for the 
measurement of organochlorine pesticides (OCPs) in seawater. The procedure was based 
on the use of LPME in conjunction with a polypropylene hollow fibre membrane filled 
with an immiscible solvent and immersed into a stirred aqueous sample (HFM-LPME) as 
introduce in the previous section. As a result of "solution diffusion", analytes diffuse 
through the membrane and undergo mass transfer into the solvent prior to GC–MS analysis 
[1 and 2]. A preliminary analysis on the concentration of selected OCPs in coastal water 
collected from the Straits of Johor, which lies between Singapore and the southern tip of 
peninsular Malaysia, was undertaken using the optimised HFM-LPME procedure.  
2.4.2. Standard and reagents 
All pesticides used for experimentation were purchased from PolyScience (Niles, IL, 
USA). HPLC grade solvents were purchased from Merck (Darmstadt, Germany). A 
standard stock solution containing 12 OCPs i.e. α-BHC, Lindane, β-BHC, Heptachlor, 
Aldrin, Dieldrin, Endrin, Endosulfan, p,p'-DDD, p,p'-DDT, Endrin aldehyde and 
Methoxychlor was prepared in acetone at a concentration of 10 mg l-1 per pesticide. A 
working standard solution of 1 µg ml-1 per pesticide was prepared by dilution of the stock 
solution with acetone.  
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2.4.3. GC-MS Analysis 
Sample analysis was carried out using a Shimadzu QP5050 GC-MS equipped with a 
Shimadzu AOC–20i autosampler and a DB-5 fused silica capillary column (30 m x 0.32 
mm I.D., film thickness 0.25um). Helium was used as the carrier gas at a flow rate of 1.5 
ml min-1 and a split ratio of 20. 1 µl of sample was injected into the GC-MS in splitless 
mode with an injection time of 2 min. The injection temperature was set at 250ºC, and the 
interface temperature at 280ºC. The GC-MS temperature program was as follows: initial 
temperature 50ºC, held for 2 min, then increased by 10ºC min-1 to 300ºC and held for 3 
minutes. OCP standards and samples were analysed in selective ion monitoring mode 
(SIM) with a detector voltage of 1.5 kV and a scan range of m/z 50 to m/z 500.  
 
Table 2.4.1. GC/MS - SIM conditions of OCPs with octanol-water partition coefficient 
(log Kow) values. 
 
Pesticide Retention time Quantitation Confirmation Log Kow  
 (min) ion (m/z) ion (m/z)  
          
  α-BHC  17.50 181.00 183, 219 3.46 
Lindane 18.30 181.00 183, 219 2.8 
  β-BHC   18.80 227.00 181, 238 3.8 
Heptachlor 20.00 272.00 274, 237 4.4 
Aldrin 20.70 263.00 293, 265 5.17 
Dieldrin 23.17 235.00 246, 318 3.69 
Endrin 23.50 317.00 245, 263 3.21 
Endosulfan  23.60 207.00 195, 241 3.62 
p,p'-DDD 23.81 235.00 237, 165 5.6 
p,p'-DDT 24.50 235.00 165, 176 4.89 
Endrin aldehyde 25.50 345.00 67,  281  - 
Methoxychlor 25.70 227.00 274, 152 3.31 
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The most abundant ion present was selected for quantification, while a further two ions 
were used for confirmation of individual pesticide compounds, as listed in Table 2.4.1. A 
clean well resolved chromatogram was obtained for spiked artificial seawater sample after 





Figure 2.4.1: Chromatogram of 12 OCPs in an OCP spiked (40 µg l-1) in artificial seawater 
sample after LPME using hollow fibre membrane. [1] α-BHC [2] Lindane [3] β-BHC [4] 
Heptachlor [5] Aldrin [6] Dieldrin [7] Endrin [8] Endosulfan [9] p,p'-DDT [10] p,p'-DDD 
[11] Endrin aldehyde [12] Methoxychlor  
 
2.4.4. Results and discussion 
 In order to optimize the liquid-phase hollow fibre extraction of OCPs from 
aqueous samples, factors that potentially affect sample extraction were studied. Such 
factors included sample pH, salt content and stirring rate, as well as solvent type and 
extraction time. Compared to LLE and SPE methods [3, 4 and 5]. LPME gave satisfactory 
sensitivity and enrichment factors of between 63 and 139 (see Table 2.4.2) for OCPs. In 
addition, solvent consumption was reduced by up to 200 times. 
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 In this study five different solvents were evaluated i.e. toluene (polarity index, 2.4), 
dichloromethane (3.1), n-hexane (0.1), isooctane (0.1) and n-nonane (no polarity index 
available) [6]. A large OCP enrichment factor may be expected if a solvent has a high 



















Figure 2.4.2: OCP extraction efficiency from spiked (40 µg l-1) artificial seawater using 
different organic solvents (n = 3) [1] α-BHC [2] Lindane [3] β-BHC [4] Heptachlor [5] 
Aldrin [6] Dieldrin [7] Endrin [8] Endosulfan [9] p,p'-DDT [10] p,p'-DDD [11] Endrin 
aldehyde [12] Methoxychlor 
 
 
The data indicate in Figure 2.4.2 shows that among the solvents considered, toluene and n-
nonane provide higher enrichment factor for most of the analytes. Isooctane and n-hexane 
were the least effective solvents. Dichloromethane is not suitable as it readily leaked from 
the porous membrane of the hollow fibre, evaporates quickly and is relatively soluble in 
water (~ 2% v/v) resulting in loss of analyte 
 The effect of extraction time on the OCP enrichment factor was evaluated from GC 
peak areas. Figure 2.4.3 shows that most OCPs i.e. α-BHC, Lindane, β-BHC, Heptachlor, 
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Aldrin, Dieldrin, Endosulfan, p,p'-DDD, p,p'-DDT, Endrin aldehyde and Methoxychlor 
attained equilibrium after 30 minutes, while Endrin reached equilibrium after only 20 
minutes (see Figure 2.4.3). Extraction on the basis of the results obtained an extraction 
time of 30 minutes was selected for real seawater analysis. 
 
Table 2.4.2. OCP linearity range, and detection limits, enrichment factor and precision 
level (%RSD) of HFM-LPME relative to USEPA Method 508 
 













         µg l-1   µg l-1    
  α-BHC  0.9995 y =17591x - 
83837 
139 0.017 0.025 13.72 
Lindane 0.9991 y = 103779x - 
315230 
74 0.013 0.010 14.00 
  β-BHC   0.9963 y = 3197.9x - 
31431 
83 0.029 0.025 10.29 
Heptachlor 0.9905 y = 38755x - 
222088 
113 0.030 0.010 1.90 
Aldrin 0.9915 y = 42758x - 
233641 
105 0.059 0.075 2.01 
Dieldrin 0.9944 y = 10591x - 
47119 
92 0.047 0.010 2.32 
Endrin 0.9995 y = 4736.6x - 
12678 
98 0.033 0.025 1.93 
Endosulfan  0.9991 y = 6425.4x - 
23707 
155 0.028 0.015 3.13 
p,p'-DDD 0.9911 y = 110363x - 
440623 
67 0.028 0.003 2.28 
p,p'-DDT 0.9958 y = 34204x - 
81004 
68 0.017 0.060 1.66 
Endrin 
aldehyde 
0.9973 y = 15599x - 
50147 
69 0.031 0.024 5.50 
Methoxychlor 0.9884 y = 34322x - 
190574 
63 0.041 0.050 1.60 



















 α-BHC Lindane  β-BHC Heptachlor
Aldrin Dieldrin Endrin Endosulfan 
p,p'-DDD p,p'-DDT Endrin aldehyde Methoxychlor




 The effect of pH on OCP extraction efficiency was evaluated. A reduction in 
sample pH is known to improve extraction efficiency of polar compounds such as phenols 
[7]. The effect of sample pH in the range of 2-13 on OCP extraction was measured by 
adding 6M HCl and 10% NaOH (w/v) to the samples. Extraction efficiency of most OCPs 
was not affected over the pH range studied, with the exception of Aldrin, Dieldrin, Endrin, 
p,p'-DDD, p,p'-DDT and Methoxychlor which had a higher extraction efficiency at a lower 
pH. The other OCPs (α-BHC, β-BHC, Lindane, Heptachlor, Endrin aldehyde) had reduced 
extraction efficiency under more alkaline pH conditions (data not shown). These 
compounds are known to decompose at alkaline pH [8], which may account for the result 






















 Figure 2.4.4: Effect of artificial seawater concentration (10% NaCl to saturated (33%) 
NaCl) on OCP extraction efficiency. [1] α-BHC [2] Lindane [3] β-BHC [4] Heptachlor [5] 
Aldrin [6] Dieldrin [7] Endrin [8] Endosulfan [9] p,p'-DDT [10] p,p'-DDD [11] Endrin 
aldehyde [12] Methoxychlor  
 
 
In this study, the effect of adding salt was tested. There was no significant increase in 
extraction efficiency (Figure 2.4.4), at higher (10-33%) salt concentrations. Thus, real 
seawater (3% salt) was used directly as far as this parameter was concerned. 
 The effect of sample temperature (25ºC to 60ºC) on extraction efficiency was 
investigated. An increase in extraction temperature is expected to increase the enrichment 
factor due to an increase in the OCP diffusion coefficient across the hollow fibre 
membrane. The equilibrium of OCP concentration was achieved faster at a higher 
extraction temperature, but a sample temperature above 25ºC resulted in the formation of 
air bubbles in the solvent in the hollow fiber. On the basis of the results obtained, an 
extraction temperature of 25ºC was used for seawater analysis.  
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2.4.5. Linearity, precision, and sensitivity  
 
To evaluate the linearity of the method, artificial seawater samples were spiked 
with the twelve OCPs to give final sample concentrations of 5, 10, 20, 50 and 100 µg l-1, 
and extracted. The GC peak area counts were plotted against the respective OCP 
concentrations to generate calibration curves. The calibration gave a high level of linearity 
with a correlation coefficient of between 0.9884 and 0.9995 (Table 2.4.2). LODs found to 
be in the range of 0.013-0.059 µg l-1, generally comparable to those of USEPA Method 
508. The precision of the experimental procedure was evaluated using artificial seawater 
spiked with 40 µg l-1 of each OCP under the optimum extraction conditions. This yielded a 
RSD of between 1.6 and 14% for a total of four replicates.  
 
All twelve OCPs were spiked to tap and unprocessed reservoir water, as well as 
artificial seawater and ultrapure water samples at 40 µg l-1 per pesticide to assess sample 
matrix effects. OCP recovery was calculated from the relative peak area ratio of each type 
of water sample relative to the OCP-spiked ultrapure water sample. Table 2.4.3 lists the 
relative OCP recoveries for the respective water samples. The data show that relative 







 Table 2.4.3. OCP recoveries in spiked (40 µg l-1) tap water, reservoir water and artificial 
seawater samples (relative to OCP-spiked ultrapure water) 
 
  Tap water    Reservoir water    Seawater*   
Pesticide  RSD Relative recovery RSD Relative recovery RSD 
  (%)  (%) (%)  (%) (%) (%) 
       
  α-BHC  93.64  1.11 91.67  6.89 90.82 4.28 
Lindane 86.52  1.10 84.13  5.83 83.90 9.86 
  β-BHC   85.35  0.84 91.27  6.02 90.61 11.93
Heptachlor 97.36  0.93 93.15  4.51 94.70 9.39 
Aldrin 89.45  1.08 83.65  3.42 80.90 4.24 
Dieldrin 91.44  1.20 97.14  3.59 88.60 8.75 
Endrin 93.68  1.14 77.33  10.87 82.50 2.63 
Endosulfan  92.02  1.14 93.33  13.36 93.33 11.92
p,p'-DDD 95.24  1.07 92.13  3.47 87.91 8.43 
p,p'-DDT 94.73  0.99 81.67  2.79 83.53 11.38
Endrin aldehyde 90.00  1.04 89.33  10.08 91.76 13.00
Methoxychlor 97.04  1.09 99.90  6.73 92.59 8.14 
               
 
[n = 3] 40 µg l-1 of each OCPs were spiked 
*Artificial seawater 
 
Figure 2.4.5 shows the coastal seawater samples collected from the surface in the Straits of 
Johor, located between Singapore and the Malaysian peninsula, were also analysed using 
the optimised LPME technique, and the results are shown in Table 2.4.4. In general, OCP 
concentrations in seawater were found to be much lower than reported elsewhere, for 
example, in Australian marine waters [9]. This is not unexpected, as extensive agricultural 





Figure 2.4.5: Chromatogram of OCPs extracted from real seawater collected from the 
Straits of Johore. [1] α-BHC [2] Lindane [3] β-BHC [4] Heptachlor [5] Aldrin [6] Dieldrin 




Table 2.4.4. OCP concentrations (µg l-1) in seawater samples collected from the Straits of 
Johore [J05] Kranji [J01] Lim Chu Kang [J09] Pulau Ubin [H01] Pulau Tekong 
 
  Sampling location (concentration  µg l-1) 
Pesticide J05 J01 J09 H01 
          
 α-BHC  0.043 0.180 nd 0.075 
Lindane 0.057 0.228 nd 0.107 
 β-BHC 1.094 0.585 nd 0.098 
Heptachlor 0.233 0.394 nd 0.205 
Aldrin 0.251 0.333 0.446 0.049 
Dieldrin 0.255 0.315 0.333 0.977 
Endrin 0.624 0.044 0.041 1.270 
Endosulfan  0.899 0.077 0.312 0.068 
p,p'-DDD 0.564 0.550 0.563 0.132 
p,p'-DDT 0.608 0.808 0.744 0.038 
Endrin aldehyde 0.241 0.010 0.147 0.486 
Methoxychlor 0.053 0.108 0.098 0.616 
nd = not detected 
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Although some minimal agricultural activities remain, they generally do not involve 
extensive use of the types of pesticides discussed in the present work. Figure 2.4.5 shows a 
typical chromatogram generated from real seawater sample. 
 
2.4.6. Conclusion 
The optimised HFM-LPME technique using hollow fibre membrane in conjunction with 
GC-MS is a simple, low solvent consumption and cost effective procedure for the analysis 
of OCPs in seawater. The method is precise, reproducible and linear over a wide range of 
analyte concentrations. The optimised extraction procedure enabled the quantification of 
OCPs at analyte concentrations in the sub-parts per billion range, comparable to USEPA 
Method 508. Sample clean-up was highly effective, with no interfering peaks from matrix 
compounds. The method has been shown to be suitable for quantitative analysis of OCPs 
in real seawater samples.  
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2.5: Hollow Fiber Membrane-Protected Liquid-phase 





The micro organic pollutants such as PAHs and OCPs are semi-volatile at 
atmospheric conditions, and may occur both in the gas phase and as attached to particles 
depending on the vapor pressure of the compound [1]. The major removal mechanism of 
the semivolatile organic compounds from the atmosphere is through deposition, which can 
take place either wet or dry deposition. Wet deposition of persistent organic pollutants 
(POPs) to both aquatic and terrestrial ecosystems is particularly important in places that 
receive abundant rainfall like Singapore. However, wet deposition studies involve specific 
difficulties such as transport of equipment to the locations of study and limited sample 
sizes. Thus, large volume filtration/extraction methods such as LLE are not applicable to 
this type of studies and microextraction methods have to be developed prior to the 
chromatographic analysis of trace organic pollutants. 
 
We recently investigated, for the first time, the applicability of LPME combined 
with GC-MS to the determination of PAHs and OCPs in rainwater samples collected in 
Singapore. Different aspects of the extraction procedure such as the chemical nature of 
sample matrix, the extraction time, the magnetic stirring speed, and the extraction solvent 
were optimized to achieve high analyte recovery and enrichment in a short time. The 
HFM-LPME method performance was compared to that of the well-established LLE 
method in terms of linearity, precision, and limits of detection for both PAHs and OCPs. In 
addition, this method was validated for quantitative purposes and applied to rainwater 
samples collected at various locations in Singapore. The principal objective of this chapter 
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is to outline and discuss the quantitative analysis of both PAHs and OCPs in rainwater 
based on LPME-HFM extraction.  
 
2.5.2. Standard and reagents 
All pesticides and PAHs used in this work were purchased from PolyScience 
(Niles, IL, USA) and Supelco (Bellefonte, PA, USA), respectively. A standard stock 
solution containing 12 OCPs and 16 PAHs (see Table 2.5.1) were used in this study. 
Sodium phosphate tri basic (Na3PO4 12H2O) crystals (93% pure, Mallinckrodt Inc., Paris, 
KY, USA) were used to prepare the buffer by dissolving 23.8 g of Na3PO4 12 H2O into 
250 ml of water; giving a final pH of 13.  
 
2.5.3. Sample locations and sampling 
 Fresh rainwater samples (wet-only samples) were collected manually on a time 
and/or volume basis in pre-cleaned glass bottles with a glass funnel. Only a few milliliter 
(5ml) of samples are required to analyze PAHs and OCPs. Rainwater samples were 
analyzed on the same day of collection. The pH of the samples varied in the range of 3.9 to 
4.7 and the conductivity, 30.5 to 84.5 µS cm-1. The concentration of dissolved organic 
carbon was 51 µM. The average relative magnitude of ionic species concentration followed 
the order: SO42- (105 µeq/L), H+ (85 µeq/L), Cl- (50 µeq/L), Na+ (40 µeq/L), NO3- (30 
µeq/L), NH4+ (22 µeq/L), Ca2+ (18 µeq/L), Mg2+ (8 µeq/L), K+ (7 µeq/L), HCOO- ( 2 
µeq/L) and CH3COO- (1 µeq/L). The ratio of the sum of cations to the sum of anions was 
generally in the range of 0.94 to 1.08, indicating that the major ions in rainwater have been 
identified and measured accurately.  
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2.5.4. LPME method optimization 
 Parameters affecting the extraction efficiency (solvent selection, solvent size, phase 
ratio between donor solution and acceptor phase, extraction time, composition of donor 
and acceptor solutions) were investigated using ultrapure water samples spiked with 
known concentrations of PAHs and OCPs. The goal was to optimize HFM-LPME 
experimental procedures so as to obtain high analyte recovery and enrichment factors.  
 
The salting-out effect was also examined in this study by varying the amount of 
NaCl added (10 to 30% w/v of NaCl) to the aqueous solution containing the target 
analytes. The obtained results reveal that there was a slight gain in extraction efficiency 
with an increase in the ionic strength of the medium (i..e. salt concentration). This decrease 
in the solubility of the organic analytes in the presence of dissolved NaCl is expected and 
has been observed by other workers [2, 3]. 
The optimum conditions were applied to investigate the enrichment factors of analytes. 
The enrichment factors for PAHs ranged from 46 to 167 whereas for OCPs, the range was 
from 63 to 155.  
There was no considerable impact on the extraction yield of OCPs while varying 
the sample pH. Therefore, the pH of rainwater, which is typically about 4.2 for the 
Singapore rainfall, was not adjusted. On the other hand, the extraction yield of PAHs was 
observed to change over the pH range studied and had a maximum value at pH 9. As a 
result, the pH of the rainwater samples was maintained at pH 9 for maximizing the 




Table 2.5.1: HFM-LPME-GC/MS Quantitation Data of PAHs and OCPs: Linearity Range 
(0.5-100 ng ml-1), Enrichment Factor, Limits of Detection and Precision  
 
























PAHs       
Naphthalene 128 129, 127 0.9382 160 0.003 4.22 
Acenaphthylene 152 151, 153 0.9917 154 0.003 10.61
Acenaphthene 153 154, 152 0.9799 159 0.002 9.63 
Fluorene 166 165, 167 0.9720 46 0.047 7.76 
Phenanthrene 178 179, 177 0.9983 167 0.006 10.07
Anthracene 178 179, 177 0.9839 166 0.008 10.01
Fluoranthene 202 203, 101 0.9987 162 0.003 7.93 
Pyrene 202 203, 101 0.9845 165 0.003 8.07 
Benz[a]anthracene 228 226, 227 0.9952 108 0.010 7.16 
Chrysene 228 226, 227 0.9924 109 0.006 7.37 
Benzo[a]fluoranthene 252 253, 126 0.9954 64 0.003 8.82 
Benzo[k] 
fluoranthene 252 253, 126 0.9968 67 0.011 5.87 
Benzo[a]pyrene 253 252, 126 0.9920 64 0.018 8.02 
Indeno[1,2,3-
cd]pyrene 276 275, 138 0.9958 138 0.040 7.30 
Dibenz[a,h] 
anthacene 278 279, 275 0.9986 149 0.031 4.35 
Benzo[ghi]perylene 276 138, 279 0.9970 146 0.040 5.60 
       
OCPs       
α-BHC    0.9997 139 0.017 13.72
Lindane 181 183, 219 0.9993 74 0.013 14.00
β-BHC   181 183, 219 0.9996 83 0.029 10.29
Heptachlor 227 181, 238 0.9991 113 0.030 1.90 
Aldrin 272 274, 237 0.9996 105 0.059 2.01 
Dieldrin 263 293, 265 0.9999 92 0.047 2.32 
Endrin 235 246, 318 0.9999 98 0.033 1.93 
Endosulfan  317 245, 263 0.9992 155 0.028 3.13 
p,p'-DDD 207 195, 241 0.9989 67 0.028 2.28 
p,p'-DDT 235 237, 165 0.9986 68 0.017 1.66 
Endrin aldehyde 235 165, 176 0.9996 69 0.031 5.50 
Methoxychlor 345 67, 281 0.9985 63 0.041 1.60 
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The effect of pH on the extraction efficiency of PAHs and OCPs were evaluated in 


















Figure 2.5.1.  Equilibrium profiles of (a) selected PAHs during HFM-LPME at 80 ng ml-1 























LPME involves a dynamic partitioning of the target compounds between the 
hollow fiber and the sample solution. The sample was continuously stirred at room 
temperature (23oC) with a magnetic stirrer to facilitate the mass transfer process and to 
decrease the time required for the equilibrium to be established. The stirring speed was 
fixed at 73 rad/s. At higher stirring speed, the amount of extracted analytes decreased due 
to the generation of air bubbles in the hollow fiber and the loss of the organic solvent.  
An increase in the extraction time resulted in the higher enrichment of both PAHs 
and OCPs as shown in Figure 2.5.1a and 2.5.1b. The improvement of extraction efficiency 
was most significant from 10 to 25 minutes; further prolongation of extraction led to a 
smaller rise of recovery. The influence of extraction time was most significant for OCPs, 
which apparently permeated more slowly through the membrane than PAHs. No 
correlation was established between recovery and water solubility or the octanol/water 
coefficient. Most of the target compounds including 4 ring PAHs and OCPs attained 
equilibrium at about 30 minutes. However, acenaphthene, indeno[1,2,3-cd]pyrene, 
benzo[k]fluoranthene  and dieldrin reached equilibrium after 30 minutes. On the basis of 
the results obtained, an extraction time of 35 minutes was selected for the extraction of 
PAHs and OCPs from real rainwater samples. Extraction equilibrium was attained at this 
time, providing stability and constant extraction conditions for the samples. Although the 
extraction time was relatively long, a large number of samples may be extracted 





2.5.5. Evaluation of the method  
On the basis of the experiments discussed above, the optimal LPME conditions 
were toluene as the extraction solvent, an extraction time of 35 minutes at room 
temperature (23oC), a stirring speed of 73 rad/s, 30% NaCl, and pH 9 for PAHs (no pH 
adjustment for OCPs). 
 
 
Figure 2.5.2: Chromatogram of PAHs in (a) rainwater spiked with 80 ng ml-1 of each 
analyte (b) unspiked rainwater sample, after HFM-LPME. 
[1] Naphthalene [2] Acenaphthylene [3] Acenaphthene [4] Fluorene [5] Phenanthrene  
[6] Anthracene,[7] Fluoranthene [8] Pyrene [9] Benz[a]fluoranthene [10] Chrysene [11] 
Benzo[a]fluoranthene [12] Benzo[k]fluorantherne [13] Benzo[a]pyrene [14] Indenol[1,2,3-
cd]pyrene [15] Dibenz[a]anthracene [16] Benzo[ghi]perylene 
 
In order to evaluate the practical applicability of the LPME technique, ultrapure 
water samples (organics-free) were spiked with the PAHs and OCPs to give final sample 
concentrations of ranged between 0.5 -100 µg l-1. Linearity, reproducibility, and the limits 
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of detection under the optimal extraction conditions were investigated. Results of this 
series of experiments are summarized in Table 2.5.1. The GC peak area counts were 
plotted against the respective concentrations of PAHs and OCPs to generate calibration 
curves.  The calibration gave a high level of linearity (r2) between 0.9845 and 0.9993 for 
all analytes, except for naphthalene (0.9382). The excellent linearity obtained over an 
extended concentration range indicates that there were no capacity problems due to the 
acceptor phase saturation during LPME in this new set-up. It should be noted that more 
than a 46–fold enrichment of organic micropollutants was achieved under the optimal 
extraction conditions, except for fluorene; some analytes could be preconcentrated nearly 
166-fold. The precision of the method was determined by performing five consecutive 
extractions under the same operating conditions. Overall, the reproducibility expressed as 
RSD was found to be satisfactory (ranging from 1.6 % to 14 % with a mean value of 7%). 
The LODs ranged from 0.002 µg l-1 to 0.047 µg l-1. While determining the LOD, syringe 
blanks were carried out to confirm that no sample carryover occurred. The results show 
clearly that, under the present experimental conditions, LPME is a more sensitive 
technique than LLE [4]. 
Furthermore, the effect of concentration of PAHs and OCPs in the sample on 
recovery was studied. Since these organic pollutants are usually in the sub ppb 
concentration range in rainwater, the LPME method needs to be validated with a series of 
experiments at trace levels of the analytes. Extraction recoveries for the LPME procedures 
were evaluated by analyzing test solutions prepared by spiking aliquots of real rainwater at 
the following two concentrations of PAHs and OCPs: 50 µg l-1 and 80 µg l-1. The results 
were compared with extracts of ultrapure water spiked at the same concentrations. The 
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recovery data are reported in Table 2.5.2 together with the RSDs. No significant changes in 
recovery were observed over the concentration range. This means that, in the present 
context, the matrix has little effect on the analysis of samples. In other words, there was 
negligible irreversible adsorption or contamination during sample preparation. The RSDs 
were calculated by analyzing 5 consecutive standard solutions at a fixed concentration for 
both classes of contaminants. The RSDs of the recovery values usually increased with 
decreasing concentrations because of the increasing uncertainty of quantitative analysis in 
the sub ppb range. 
 
Table 2.5.2: HFM-LPME-GC/MS of PAHs and OCPs in Spiked Rainwater: Recoveries 
and Precision of Analytical Data 
   50 ng ml-1 spiked   80 ng ml-1 spiked    
POPs Recovery (%) RSD (%)  Recovery (%) RSD (%)
           
PAHs      
Naphthalene 79.04 7.76  101.97 1.28 
Acenaphthylene 70.51 6.82  103.04 11.93 
Acenaphthene 102.97 4.80  104.19 8.65 
Fluorene 105.70 7.54  101.26 3.64 
Phenanthrene 72.75 8.11  113.25 10.64 
Anthracene 100.67 5.00  94.67 7.18 
Fluoranthene 106.15 9.02  83.25 11.89 
Pyrene 107.09 9.58  87.59 12.59 
Benz[a]anthracene 101.89 3.19  99.29 4.82 
Chrysene 85.73 2.64  93.60 4.45 
Benzo[a]fluoranthene 96.63 8.36  105.18 4.20 
Benzo[k] fluoranthene 104.35 8.83  102.33 5.91 
Benzo[a]pyrene 114.30 5.39  114.67 12.55 
Indeno[1,2,3-cd]pyrene 101.93 6.14  97.08 3.30 
Dibenz[a,h] anthacene 81.31 8.31  110.13 13.68 
Benzo[ghi]perylene 94.13 10.24  103.71 5.34 
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Table 2.5.2. Continue. 
   50 ng ml-1 spiked   80 ng ml-1 spiked    
POPs Recovery (%) RSD (%)  Recovery (%) RSD (%)
           
α-BHC 86.14 5.02  106.86 7.86 
Lindane 93.44 4.36  112.60 10.87 
β-BHC   87.42 9.12  111.58 7.18 
Heptachlor 89.62 11.11  98.34 9.60 
Aldrin 79.32 5.02  98.86 7.50 
Dieldrin 74.94 1.74  87.28 12.40 
Endrin 85.62 13.80  93.13 4.03 
Endosulfan  79.42 6.84  90.07 12.31 
p,p'-DDD 84.98 7.64  108.41 9.95 
p,p'-DDT 81.60 8.88  97.62 7.75 
Endrin aldehyde 82.90 8.32  102.18 10.30 
Methoxychlor 97.18 3.26  102.55 11.66 
          
 
Table 2.5.3: Concentrations of PAHs and OCPs Detected in Rainwater Samples using 
HFM-LPME-GC/MS 
   Concentrations in µg l-1 (sampling date)      
Analytes 
 Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 
 (19.10.2001)(29.10.2001)(19.11.2001)(30.11.2001)(27.12.2001)(09.01.2002)
PAHs       
Naphthalene 0.022 0.061 0.162 0.008 0.067 0.041 
Acenaphthylene 0.044 0.005 0.007 0.014 0.005 0.005 
Acenaphthene 0.022 0.008 0.029 0.004 0.007 0.024 
Fluorene 0.080 0.057 0.054 0.068 0.064 0.059 
Phenanthrene 0.021 0.013 0.012 0.006 0.013 0.006 
Anthracene 0.041 0.009 0.013 0.012 0.012 0.011 
Fluoranthene 0.027 0.005 0.005 0.010 0.014 0.026 
Pyrene 0.049 0.008 0.008 0.017 0.006 0.005 
Benz[a]anthracene 0.029 0.013 0.023 0.038 0.037 0.044 
Chrysene 0.033 0.009 0.009 0.014 0.013 0.007 
Benzo[a]fluoranthene 0.050 0.026 0.012 0.036 0.006 0.025 
Benzo[k] fluoranthene 0.033 0.022 0.055 0.039 0.028 0.043 
Benzo[a]pyrene 0.066 0.021 0.080 0.051 0.040 0.165 
Indeno[1,2,3-
cd]pyrene 0.071 0.063 0.051 0.088 0.042 0.052 
Dibenz[a,h]anthracene 0.036 0.039 0.055 0.036 0.044 0.039 
Benzo[ghi]perylene 0.049 0.055 0.041 0.048 0.042 0.052 
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Table 2.5.3. Continue. 
 
   Concentrations in µg l-1 (sampling date)      
Analytes 
 Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 
 (19.10.2001) (29.10.2001)(19.11.2001)(30.11.2001)(27.12.2001)(09.01.2002)
OCPs       
α-BHC  0.027 0.029 0.019 0.018 0.021 0.023 
Lindane nd 0.016 0.033 0.025 0.022 0.015 
β-BHC   0.030 0.031 0.054 0.032 0.029 0.060 
Heptachlor 0.038 0.038 0.036 0.030 0.039 0.037 
Aldrin 0.061 0.062 nd 0.060 0.063 nd 
Dieldrin 0.055 0.049 0.050 0.053 0.057 0.049 
Endrin 0.037 0.036 0.046 0.038 0.036 0.038 
Endosulfan  0.041 0.031 nd 0.029 0.031 0.033 
p,p'-DDD nd 0.029 nd 0.035 nd 0.030 
p,p'-DDT 0.022 0.032 0.019 0.021 0.033 0.021 
Endrin 
aldehyde nd 0.038 nd 0.039 0.043 nd 
Methoxychlor nd nd nd 0.050 0.045 nd 
        
nd = not detected 
 
2.5.6. Application of the LPME method to real rainwater samples 
 The optimized LPME method was applied to the extraction of PAHs and OCPs in 
real rainwater samples collected in Singapore and the extracts analyzed by GC-MS. 
Figures 2.5.2 and 2.5.3 show typical chromatograms obtained from the analysis of real 
rainwater samples. The results obtained from the analysis are summarized in Table 2.5.3. 
The concentration of PAHs varied between 0.005 and 0.162 µg l-1 and that of OCPs 
between non detected and 0.063 µg l-1 respectively. Higher molecular weight PAHs (those 
with five and six benzene rings) were present in rainwater in relatively larger amounts (see 





Figure 2.5.3: Chromatogram of OCPs in (a) rainwater spiked with 40 ng ml-1 and 
(b) unspiked rainwater sample, after HFM-LPME. 
[1] α-BHC [2] Lindane [3] β-BHC [4] Heptachlor [5] Aldrin [6] Dieldrin [7] Endrin [8] 
Endosulfan [9] p,p'-DDD [10] p,p'-DDT [11] Endrin aldehyde [12] Methoxychlor 
 
 
 In addition, these PAHs have relatively higher Henry’s law constants (or low 
octanol-water coefficients) than the lighter ones and tend to be efficiently scavenged with 
high efficiency by cloud or rain droplets [5, 6]. The PAHs are probably emitted from local 
sources involving incomplete combustion of fossil fuels such as urban vehicular traffic, 
chemical industries, and power plants. The pesticides measured in this study, appear to 
have originated from long-range transport.  
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 2.5.7. Conclusions 
 The rainwater samples analyzed in this study contained significant amounts of 
PAHs and some OCPs. In view of the above-mentioned advantages over conventional 
analytical methods, the LPME in conjunction with the GC-MS analysis can be used as a 
routine tool for the assessment of organic micropollutants such as PAHs and OCPs in 
rainwater. Work is in progress to further develop and use LPME in combination with 
GC/MS, HPLC, and CE for other classes of organic pollutants present in atmospheric 
water droplets at trace levels. 
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2.6: Hollow Fiber Membrane-Protected Liquid-phase 






 Polychlorinated biphenyls (PCBs) readily accumulate in the food chain, especially 
in meat, fish, and dairy products due to their lipophilic nature and low water solubility. It is 
now evident that PCBs are transferred from mother to fetus and newborn babies via the 
blood placenta and to newborn infants via breast milk [1-4]. Trace amount of PCB 
congeners have also been associated with endocrine disruption and a higher incidence of 
fetal miscarriage [5]. The determination of PCBs in blood is therefore important for the 
purpose of assessing risks posed by these chemicals. The purpose of this work was to 
develop a simple, efficient single-step extraction method (HFM-LPME) for the screening 
and quantitative determination of PCBs in human blood plasma. Analytical parameters 
investigated included: the type of solvent used; sample extraction; time; pH and stir speed.  
 
2.6.2. Sample collection & preparation 
 
 Blood samples were obtained from the National University Hospital, Singapore. 
Samples comprised blood from Chinese, Malay and Indian adult individuals (6 samples 
each group). Blood plasma was prepared by centrifugation of whole blood samples and 
then stored at –20˚C prior to analysis. Sample pH was adjusted to 10.5 by adding 
phosphate buffer and the ionic strength of the sample solution was increased by adding 
15% of NaCl (w/v). All glassware and magnetic stirring bars were washed with detergent, 
soaked overnight in dilute nitric acid, rinsed with deionized water and acetone before 
drying at 105oC.  
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2.6.3. Liquid-phase microextraction 
 PCB extraction from the (diluted 1:1 with salt and pH adjusted buffer solution) 
sample solution to the toluene solvent within the HFM was undertaken over a period of 
thirty minutes under a stirring speed of 73 rad/s. Following sample extraction, the stirrer 
was switched off and the extract in the hollow fiber was retracted into the syringe. The 
hollow fiber was detached and discarded.  
 
Table 2.6.1: Analytical GC/MS-SIM conditions of PCB congeners with octanol-water 
partition coefficient (log Kow) values 
 
          
Congeners Retention Primary Confirmation log Kow
   Time  ion (m/z) ion (m/z)   
     
2-chlorobiphenyl (CB-1) 14.5 188 152, 154 4.3 
2,3-dichlorobiphenyl (CB-5) 17.1 222 224, 152 4.8 
2,4,5-trichlorobiphenyl (CB-29) 18.7 258 186, 256 5.4 
2,2',4,4'-tetrachlorobiphenyl (CB-47) 19.9 290 292, 220 5.9 
2,2',3',4,6-pentachlorbiphenyl (CB-98) 21.1 326 254, 184 6.5 
2,2',4,4',5,6'-hexachlorobiphenyl (CB-154) 22.3 360 290, 362 7.1 
2,2',3,3',4,4',6-heptachlorobiphenyl (CB-171) 24.8 394 396, 252 7.6 
2,2',3,3',4,5',6,6'-octachlorobiphenyl (CB-200) 24.9 358 430, 360 8.2 
          
 
The volume of the extract was adjusted to 1 µl to remove the residual sample solution; this 
was injected into the GC-MS for analysis. A specific ion was selected for each PCB 
congener and the most abundant ion was selected as the quantitative ion, while two other 




2.6.4. Method evaluation 
 Blank blood plasma extraction was carried out prior to spiking with the mixture of 
PCB congeners. Figure 2.6.1a shows an extraction chromatogram from a blank sample of 
human blood plasma (from a male aged 28 years), PCBs were not detected in this sample 
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4040471 
 














   (c) 
Retention time (min) 
  
Figure 2.6.1: GC-MS of (a) blank plasma extract, (b) extract of plasma spiked with 40 µg l-
1 of each PCB congener and (c) real sample extract  [1] CB-1 [2] CB-5 [3] CB-29 [4] CB-
47 [5] CB-98 [6] CB-154 [7] CB-171 [8] CB-200. GC-MS conditions as in the text  
 
 Figure 2.6.1b shows an extraction chromatogram of the same blood plasma sample 
spiked with 40 µg l-1 of the PCB mixture. It can be noted that matrix peaks present in the 
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blank blood plasma extraction do not interfere with the studied PCB compounds. Initially, 
a raw plasma sample with no dilution was used, but this resulted in a poor enrichment 
factor being achieved for all PCB congeners analysed. However, sample dilution improved 
the extraction precision, efficiency, detection limit and extraction yields. It is likely that 
sample dilution reduces the extent of interfering substances blocking the pores of the 
HFM, with the result that the extraction is more efficient and consistent. The enrichment 
factor was determined by measuring GC peak areas before and after LPME. Optimisation 
of analytical parameters and enrichment factors was obtained by undertaking sample 
analysis in triplicate. The LPME technique resulted in an enrichment factor of between 67 
and 241. This is higher than that achieved in previous studies using liquid-membrane 
extraction and microporous membrane liquid-liquid extraction which typically gives an 
enrichment factor of between 30 and 70 for biological samples [6-8]. LPME also has the 
advantage of requiring a relatively simple extraction setup with only a few microliters of 
solvent and sample needed, with no further pretreatment required prior to analysis. 
 The effect of extraction time on PCB congener extraction efficiency was evaluated 
over 5, 10, 20, 20, and 60 minutes. A typical mass diffusion (extraction) profile of the 
analyte between the sample and extraction solvent consisted of an initial rapid partitioning 
phase followed by a slower prolonged uptake, and then a steady-state equilibrium. After 
reaching equilibrium, the amount of analyte extracted becomes a theoretical constant when 





















Figure 2.6.2: Equilibration profile of PCB congeners during HFM-LPME of blood plasma 
spiked with 20 µg l-1 of each PCB congener () CB-1, () CB-5, () CB-29, (¯) CB-47, 
(¿) CB-98, ( ) CB-154, ({) CB-171, () CB-200.  
 
 Figure 2.6.2 shows that greater peak areas were obtained for PCB congeners with 
an increasing extraction time up to thirty minutes after which equilibrium was achieved. 
As such, thirty minutes was selected as the optimum extraction time for sample analysis as 
all congeners reached equilibrium within this period.  
 The selection of the best extraction solvent is a prerequisite in order to achieve the 
highest analyte enrichment factor as properties including analyte solubility and solvent 
volatility affect extraction efficiency. The HFM used for experimentation is made of 
polypropylene and the solvent should, therefore, have a polarity that effectively matches 
that of the HFM. High polarity solvents such as dichloromethane and tetrahydrofuran are 



























Figure 2.6.3:  Extraction efficiency using different organic solvents (n = 3).  
CB-1 CB-5 CB-29 CB-47 CB-98 CB-154 CB-171 CB-200  
Four solvents were selected for study, according to decreasing polarity i.e. chloroform, 
toluene, n-hexane and n-nonane. The PCB congeners analysed are hydrophobic 
compounds with log Kow coefficients ranging from 4.3 to 8.2 [11] (see Table 2.6.1). As 
such, congeners were expected to readily partition into the solvent. Toluene gave a higher 
response (i.e. peak area) (see Figure 2.6.3) for all PCB congeners, with the exception of 
CB-47. In contrast, lower polarity solvents i.e. n-hexane and n-nonane resulted in a 
relatively lower peak area response. Toluene which is of medium polarity is also easily 
immobilized in the fiber and has low water solubility; therefore, it was selected as the most 
suitable solvent for extraction.  
 The addition of salt to an analytical sample can potentially increase analyte 


















Salt concentration  
 
Figure 2.6.4: Extraction efficiency of PCB congeners () CB-1, () CB-5, () CB-29, 
(¯) CB-47, (¿) CB-98, ( ) CB-154, (+) CB-171, (-) CB-200 from blood plasma with 
added sodium chloride at various concentrations (5 to 33%) 
 
 
NaCl at a concentration between 5% and 33 % (w/v) was therefore added to the plasma 
(i.e. final dilution should be 1:1) to evaluate its effect on extraction efficiency. Extraction 
yields improved with an increasing salt concentration to a maximum value of 15% (see 
Figure 2.6.4). The same phenomenon has been previously reported [13], where analyte 
recovery increases due to a decrease in the solubility of the analyte [14]. In contrast to this 
process, however, there is the possibility that polar molecules may precipitate due to an 
electrostatic interaction with salt ions in solution [15], thereby decreasing the transfer of 
PCB congeners across the HFM. Thus, it is reasonable that an initial increase in analyte 
extraction efficiency occurred with increasing salt concentration, while a further rise 
decreased the mass transfer of analyte across the HFM. As such, the salt concentration in 
the sample was optimized at 15% for sample analysis. 
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 Stirring was expected to facilitate mass transfer of PCB congeners from the plasma 
sample solution to the extraction solvent inside the HFM. Stirring speed was optimized to 
obtain maximum extraction efficiency between 31 and 94 rad/s using a 12-mm magnetic 
























Effects of sample stir speed on the PCB congener extraction efficiency  
CB-1 CB-5 CB-29 CB-47 CB-98 CB-154
CB-171 CB-200 congener) 
 
Figure 2.6.5 shows the enrichment factor of PCB congeners at different stir speeds. A 
higher stir speed improved the mass transfer of congeners from sample to solvent. LPME 
supported by HFM is more stable and can tolerate a higher stirring speed than LPME 
conducted on a single solvent drop [16, 17]. A higher rate of agitation increases the 
diffusion rate and reduces the time required to reach analyte equilibrium between the 
sample solution and extraction solvent. Although an agitation rate of 94 rad/s resulted in 
the greatest enrichment factor, air bubbles formed in the HFM due to mechanical forces 
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generated which, in turn, led to occasional difficulties in the quantification of the analytes. 
Therefore, an optimum stir speed of 73 rad/s was selected for sample analysis.  
 As in the LLE of PCBs, sample pH plays important role in LPME [18, 19]. As 
such, a wide range of sample pH from 2 to 13 was evaluated. An acidic range of pH was 
achieved by adding dilute 6M hydrochloric acid and a basic pH range by adding phosphate 





















Figure: 2.6.6: Effect of sample pH on peak areas of PCBs () CB-1, () CB-5, () CB-
29, (¯) CB-47, (¿) CB-98, ( ) CB-154, (+) CB-171, (-) CB-200 in spiked blood plasma 
 
The maximum enrichment factor for the eight PCB congeners was achieved with a sample 
solution pH of 10.5 (Figure 2.6.6). A pH above or below 10.5 resulted in a decreased 
extraction efficiency. At this point, it is uncertain why the extraction is pH dependent. It is 
possible that the optimum pH prevent interfering substances (for example, proteins) in the 
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complex matrix from affecting the extraction. Phosphate buffer (100 µl) was added to the 5 
ml sample to achieve pH 10.5 prior to extraction. 
 
 The PCB congeners studied are hydrophobic organic compounds with log Kow 
values ranging from 4.3 to 8.2. As such, these analytes can be expected to readily partition 
into the water-immiscible solvent. The effect of extraction volume, using toluene as the 
solvent at volume of 2 µl to 7 µl, was investigated. The enrichment factor of the analyte 
was dependant on volume used (Figure 2.6.7), where the highest response of PCBs 
occurred when 3 µl of solvent was used (see Figure 2.6.7). A lower amount (i.e. 2 µl) of 
solvent was not sufficient to remove the aqueous layer from the microsyringe. Therefore, 3 
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Effect of toluene volume on extraction efficiency () CB-1, () CB-5, () CB-29, (¯) 
CB-47, (¿) CB-98, ( ) CB-154, (+) CB-171, ({) CB-200 
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Extraction of trace analytes from biological samples represents a significant challenge in 
analytical chemistry due to matrix complexity and interference. The LPME technique 
provides the necessary selectivity for precision analysis. Figure 2.6.1 shows the 
chromatograms of extracted blank, spiked and real blood plasma samples. They indicate 
selective extraction and accurate quantification of PCB congeners using the optimized 
LPME technique with HFM. However, as blood plasma contains lipids, the extraction 
efficiency of raw blood plasma samples was dramatically reduced as lipids conceivably 
block the pores of the HFM, thereby adversely affecting the mass transfer of analyte. To 
increase the enrichment factor, samples were diluted at a ratio of 1:1 with ultrapure water 
containing 15% NaCl (w/v) and phosphate buffer (pH 10.5). Dilution gave acceptable 
congener recoveries (> 76%) and reproducibility (RSD < 9.7%).  
 
2.6.5. Quantification of PCB congeners in blood plasma samples 
 In order to evaluate the practical application of the method, extraction precision, 
linearity and the LOD for PCB congeners were determined. An external calibration curve 
was constructed using blood plasma samples spiked with the eight PCB congeners at 
concentrations between 2.5 and 150 µg l-1, or 2.5 and 200 µg l-1 (Table 2.6.2). All PCB 
congeners gave linearity with (r) values ranging between 0.9877 and 0.9999. Table 2 lists 
the LODs obtained using LPME with HFM for each of the eight congeners studied. The 
RSDs for sample spiked with 25 µg l-1 (six replicates) were less than 3% for CB-29, 5% 




Table 2.6.2: HFM-LPME of PCB congeners: Enrichment factor, linear range, detection 
limit and precision (% RSD) 
 
 Enrichment  R.S.D (%)* Linearity range Coefficient of  Limit of  
Congeners factor n = 6 (µg l-1) correlation (r) detection (µg l-1)
            
      
CB-1 241 10.2 2.5-150 0.9877 0.07 
CB-5 150 8.2 2.5-200 0.9856 0.27 
CB-29 183 2.5 2.5-150 0.9917 0.05 
CB-47 86 5.0 2.5-200 0.9999 0.44 
CB-98 70 4.0 2.5-200 0.9968 0.61 
CB-154 67 6.4 2.5-200 0.9969 0.94 
CB-171 79 10.8 2.5-200 0.9998 0.82 
CB-200 67 4.2 2.5-200 0.9996 0.93 
 
* Reproducibility was investigated at a concentration of 25 µg l-1 of each PCB congener in 
blood plasma samples 
 
To obtain acceptable RSD values, optimized conditions were strictly maintained for 
sample extraction. The external calibration was linear and PCB recoveries and RSD were 
calculated on the basis of three extractions for two different PCB congener concentrations 
i.e. 40 and 100 µg l-1. LPME is a non-exhaustive procedure; therefore, relative (rather than 
absolute) recoveries were calculated and they ranged from 76 to 107% (see Table 2.6.3) 
with RSD values between 1.3% and 9.7 %. These results further demonstrated that LPME-
HFM-GC/MS is highly effective for analyzing trace PCBs in blood plasma samples. The 
LPME technique was applied to isolate the PCB congeners from collected blood samples. 
Prior to extraction, samples were diluted at a ratio on 1:1 with phosphate buffer (pH 10.5), 
15% (w/v) NaCl and spiked with the PCB mixture using the procedure previously 
described. The ion chromatogram of a real contaminated blood plasma sample extract is 
shown in Figure 2.6.1c. 
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Table 2.6.3: PCB congener recoveries from blood plasma spiked at 40 and 100 µg l-1  
  Relative recovery of plasma sample (%)* 
 
Congeners        
 40 µg l-1  (RSD %)  100 µg l-1  (RSD %) 
               
        
CB-1 79.72  8.7  98.00  9.7 
CB-5 76.11  8.3  105.46  7.3 
CB-29 92.49  8.3  81.69  2.5 
CB-47 106.92  8.8  102.82  2.7 
CB-98 100.18  9.1  105.50  3.4 
CB-154 104.47  8.4  99.19  1.3 
CB-171 105.73  8.6  90.35  2.4 
CB-200 103.47  8.4  98.50  4.2 
* with (1:1) dilution, n = 3              
 
Table 2.6.4. Concentrations of PCB congeners in blood plasma samples from hospital 
patients 
 
              
Congeners Concentrations in µg l-1 (standard error)   
 Indian Malay Chinese 
  (n = 6) 
 
(n = 6) 
  
(n = 6) 
  
       
CB-1 0.25 ± 0.19 0.19 ± 0.01 0.06 ± 0.01 
CB-5 12.54 ± 1.65 0.25 ± 0.28 0.37 ± 1.66 
CB-29 5.91 ± 4.28 0.77 ± 0.01 7.89 ± 3.50 
CB-47 11.66 ± 2.6 4.92 ± 0.03 21.27 ± 3.50 
CB-98 0.18 ± 0.04 0.52 ± 0.01 0.56 ± 0.04 
CB-154 2.70 ± 0.76 1.26 ± 0.01 1.84 ± 0.02 
CB-171 7.07 ± 1.24 0.60 ± 0.02 1.64 ± 0.06 
CB-200 6.60 ± 1.46 1.00 ± 0.03 2.12 ± 0.04 
  Σ 46.91   Σ 9.51    Σ 35.75   
 
 The highest mean total concentrations of PCBs were detected in real samples from 
Indian subjects (i.e. 46.91 µg l-1) and the lowest concentration from Malay subjects (i.e. 
9.49 µg l-1). The average concentrations from Chinese subjects were 35.75 µg l-1 (Table 
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2.6.4). These values may be compared to those measured in US residents (i.e. 6µg l-1) [20, 
21], but lower than those of blood samples from infants in Taiwan (i.e. mean of 49.3 µg l-1; 
maximum, 456 µg l-1) [22, 23]. (It should be mentioned that in the US and Taiwanese 
studies, only total PCB concentrations were reported. No quantitative information on 
specific congeners was provided.). It is not clear at this stage why there appears to be race-
based differences in blood plasma PCB concentrations. The sample size is not large 
enough for us to speculate on these differences at this time, and in any case detailed 
discussion of this issue is beyond the scope of the present study. Among the PCB 
congeners, CB-47 was present at the highest concentration i.e. 21.27, 11.66 and 4.92 µg l-1 
in Chinese, Indian and Malay blood samples respectively (see Table 2.6.4).  
 
2.6.6. Conclusions 
 A new method for accurately quantifying a range of PCB congeners in complex, 
“dirty” samples such as human blood plasma using an optimized LPME technique in 
conjunction with HFM has been successfully developed. The technique has distinct 
advantages over conventional methods with respect to extraction time and volume of 
solvents required, where a high level of precision and low detection limits are readily 
achievable. Sample preparation using the optimized technique is highly efficient and the 
technique is a selective tool for the separation and enrichment of individual PCB congeners 
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Chapter 3: Analysis of Solid Samples using Microextraction  







3.1: Analysis of Singapore’s Coastal Sediments using 




Extraction of persistent organic pollutants (POPs) from marine sediments can be 
achieved with a number of established methods for example, USEPA method 3540 
(Soxhlet extraction) has been used for extracting semi volatile organic priority pollutants 
from soils and solid wastes. In recent years, new extraction procedures have been 
developed for sediment extractions to simplify the procedure. Supercritical fluid 
extraction (SFE), accelerated solvent extraction (ASE) [1, 2] and microwave-assisted 
solvent extraction (MASE) [3, 4] have all have been used to reduce sample size, solvent 
volume and improve analytical precision. The main advantage of MASE is that it is faster 
with high extraction efficiency due to direct heat transfer to the sample by both ionic 
conduction and dipole rotation. 
For the majority of MASE procedures, extensive sample clean-up procedures are 
still required with disposable SPE cartridges, C18, silica or ion exchange materials [5, 7] 
or SPME [8]. These procedures are still laborious and expensive, requiring large amounts 
of solvent. To overcome these shortcomings we have developed an alternative, simple 
LPME-based cleanup and enrichment procedure (HFM-LPME as introduced earlier in 
this thesis), in combination with microwave-assisted digestion (MAD).  
HFM has proved effective for the enrichment and cleanup of various analytes in 
different samples [9-12]. Here, in this section, we describe the development of this 
combined MAD-HFM-LPME approach for cleanup, enrichment and extraction of POPs 
(i.e. OCPs and PCBs) from sediment samples. The developed method was then applied to 
the analysis of POPs in marine sediments collected from Singapore’s coastal marine 
environment. 
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 3.1.2. Method validation 
Soxhlet extraction is the conventional method for the extraction of POPS in 
sediment, but it is time consuming and requires a large quantities of solvent. For this 
reason, the feasibility of the MAD and sonication coupled with HFM-LPME was 
explored for the extraction of OCPs and PCBs from marine sediments. Uncontaminated 
sediment was spiked with 100 ng g-1 of each analyte and the performance of the sample 
pretreatment were evaluated, using sonication for 30 minutes and MAD for 30 minutes, 
combined with HFM-LPME. Figures 3.1.1a and 3.1.1b shows the respective GC 
chromatograms for sonication and MAD pre-treatment followed by HFM-LPME. MAD 
gave a higher response (based on GC peak areas) than sonication. MAD was subjected to 
further study and optimization. The parameters studied included different digestion times 
and temperatures and extraction time ranging from 5 to 30 minutes, suitability of the 
solvents tested, and sample stirring speed ranging from 11 rad/s to 73 rad/s. 
 
3.1.3. MAD Optimisation 
Many POPs are halogenated and are characterized by a low solubility in water 
and a high affinity to sediments [5]. A high external energy source is required to extract 
POPs from sediment. Microwave radiation with strong agitation enhances the release of 
POPs from sediment samples. Initially the stability of a POP standard solution to 
microwave radiation was tested up to a temperature of 120ºC for a duration of 20 min. 
Analytes were found to be stable with a negligible loss of analyte concentration. Water is 
the most suitable solvent for microwave radiation as it has high dielectric constant 
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(i.e.78.3 έ), dipole moment, (i.e. 2.3), dissipation factor, (i.e. 1570 tan δ* 10-4) and 
boiling point (i.e. 100ºC) compared to other commonly used organic solvents [13]. 
Therefore, MASE represents a viable complementary method used in conjunction with 
HFM-LPME for sediment analysis. Optimal digestion time and temperature were 
evaluated with 0.2 gram of uncontaminated sediment spiked with 100 ng g-1 of each 
individual analyte together with 8 ml of ultrapure water.  
For MAD, temperature is a critical factor affecting analyte recovery, where a decrease of 
surface temperature and viscosity improves sample matrix irradiation. The effect of 
digestion temperature on MASE was evaluated between the range of 40-100ºC (at 10ºC 
increments). Figure 3.1.2a, b and Figure 3.1.3 show the effect of temperature on MAD 
efficiency. For all analytes (up to 80ºC), an increase in extraction efficiency can be noted 
for analytes with an increase in digestion temperature. This can be attributed to the fact 
that an increased temperature decreases the partition coefficient between analytes and the 
sediment phase, thereby increasing the desorption rate of the POP from the solid to the 
aqueous phase. However, a decrease in analyte recovery was observed when the digestion 
temperature exceeded 80°C for some OCPs i.e Lindane, Dieldrin, Endrin, Endrin 
aldehyide and Methoxychlor; and all PCBs, with the exception of trichloro, heptachloro 
and octachloro congeners. Acceptable recoveries (i.e. >85%) were achieved up to 80ºC, 
but above this temperature, water evaporation from the sample led to poor recovery. The 
digestion time required for MAD is short compared to conventional Soxhlet extraction or 




Figure 3.1.1. Extraction chromatogram of PCBs and OCPs from sediment samples (a) sonication and  
(b)MAD-HFM-LPME procedure 
[1] Monochlorobiphenyl [2] α-BHC [3] Dichlorobiphenyl [4] Lindane [5] β-BHC [6] Trichrlorobiphenyl [7] 
Tetrachlorobiphenyl [8] Heptachlor [9] Aldrin [10] Pentachlorbiphenyl [11] Hexachlorobiphenyl [12] Dieldrin [13] Endrin 
[14] Endosulfan II [15] p,p'-DDD [16] p,p'-DDT [17] Heptachlorobiphenyl [18] Octachlorobiphenyl [19] Endrin aldehyde [20] 
Methoxychlor 
 
Digestion time was tested between 5-30 min (at 5 min interval). 20 min was 
optimal resulting in greater than 85% recovery for all analytes. A longer digestion time 
did not result in any increase in analyte yield. 
 
3.1.4. LPME optimization 
LPME is an equilibrium process, which involves the partitioning of analytes from 
an aqueous sample to a solvent phase according to the partition coefficient of the analyte. 

















p,p'-DDT Endrin aldehyde Methoxychlor
 
Figure 3.1.2a Effect of MAD temperature on extraction of OCPs 
 
Figure 3.1.4 and 3.1.5 show the extraction efficiencies involving OCP and PCB 
analytes at different temperatures, and clearly demonstrate that 20 min is sufficient to 
attain analyte equilibrium in the solvent phase. The POPs studied are typically considered 
as hydrophobic organic compounds, those log Kow values range from 2.8 to 8.2 and their 
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water solubilities vary widely. For example, p,p'-DDT has a water solubility of 5 µg l-1 
and BHC (benzene hexachloride) 7.3 mg l-1. Therefore, these analytes may be expected to 
partition readily into the HFM. Different partitioning responses were found for each 
analyte, depending on compound volatility and solubility, where the low Kow value 
analytes had the shortest equilibrium time [15]. Volatile compounds reached equilibrium 















  α-BHC Lindane   β-BHC  
 
Figure 3.1.2b. Effect of MAD temperature on extraction of OCPs 
 
Solvent selection is an important parameter in HFM-LPME, as only a limited 
range of solvents are suitable for this procedure. The solvent should be immiscible with 
water, have a low volatility and be compatible with the polypropylene HFM. Based on 
our previous experience [16] we selected toluene for this study. Optimal stir speed for the 
LPME/HFM procedure was evaluated over a range of 11-73 rad/s, at 11 rad/s increments. 
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Figure 3.1.5. Effect of extraction time on digested of PCBs in sediment samples 
 
toluene within the HFM. At greater stir speeds the analyte molecules are able to pass 
through the interfacial layer of the HFM more easily, allowing more analyte to be 
extracted. 
3.1.5. Method Performance 
The proposed MAD procedure coupled with HFM-LPME is both simple and 
effective for the extraction of POPs. OCP and PCB calibration was performed with five 
samples of the uncontaminated sediment each spiked with analyte concentrations ranging 
from 5 ng g-1 to 2000 ng g-1. The r2 values for OCP analytes were 0.998, and for PCBs, 
0.996 (see Table 3.1.1). The RSD of each analyte was calculated using triplicate analysis 
of sediment spiked at 100 ng g-1, and the percentage RSD ranged from 3.95% to 19.88%. 
The LODs of the OCPs varied between 0.05 and 0.70 ng g-1, and for PCB between 0.13 
and 0.63 ng g-1.  
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The percentage relative recovery for each analyte was determined by comparing 
the amount of analyte added to a field sediment sample, with the concentration recovered 
from uncontaminated sediment sample. The sediments collected from Singapore’s coastal 
waters were then spiked with 1500 ng g-1 of each analyte to determine extraction 
recoveries. The MAD-HFM-LPME extraction recoveries were calculated using a 
standard addition procedure, and recoveries were found to vary between 75% and 115 % 
for each analyte (see Table 3.1.2). The high extraction recoveries achieved clearly 
demonstrate the clean-up efficiency of the technique, and the absence of significant 
matrix interference in field sample analysis.  
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 Table 3.1.1. Linearity range of analyte, limits of detection (LODs) and precision (% 
RSD) of MAD-HFM-LPME Procedure 
    
Analyte Correlation          Equation Linearity LODs RSD
* 
 Coefficient   ng g-1 ng g-1 % 
 OCPs           
  α-BHC  0.966 y = 4220.7x - 630913 50-2000 0.07 17.29 
Lindane 0.973 y = 588.31x + 50603 50-2000 0.15 18.94 
  β-BHC   0.992 y = 616.36x - 12458 50-2000 0.35 13.70 
Heptachlor 0.9978 y = 2648.8x - 21704 50-2000 0.15 19.88 
Aldrin 0.983 y = 1750.6x - 209267 50-2000 0.23 18.48 
Dieldrin 0.994 y = 376.72x - 42550 50-2000 0.05 7.54 
Endrin 0.998 y = 605.14x - 21321 50-2000 0.05 18.74 
Endosulfan  0.971 y = 1091.6x - 168867 50-2000 0.17 7.61 
p,p'-DDD 0.991 y = 268.58x - 30759 50-2000 0.09 10.60 
p,p'-DDT 0.992 y = 931.92x - 11337 50-2000 0.05 14.21 
Endrin aldehyde 0.983 y = 972.49x - 148375 50-2000 0.7 17.21 
Methoxychlor 0.998 y = 49.185x - 2667.8 50-2000 0.06 12.43 
PCBs      
Monochloro 0.961 y = 281.04x - 49051 50-2000 0.25 6.94 
Dichloro 0.996 y = 3877.2x + 282853 50-2000 0.13 16.33 
Trichloro 0.993 y = 1763.5x + 591381 50-2000 0.25 3.95 
Tetrachloro 0.984 y = 1687x - 197539 50-2000 0.25 4.87 
Petachloro 0.993 y = 298.94x + 42534 50-2000 0.35 15.98 
Hexachloro 0.993 y = 1016.6x - 113193 50-2000 0.5 3.54 
Heptachloro 0.995 y = 1005.4x - 26056 50-2000 0.58 10.49 
Octachloro 0.994 y = 1136.8x - 136161 50-2000 0.63 15.71 









Table 3.1.2. Recoveries, RSDs of MAD-LPME and Soxhlet extraction procedures 
 
         
   MAD-LPME (n=3)a    Soxhlet extraction 
 (n =3) 


















  ng g-1 ng g-1 ng g-1      
  α-BHC  5.60 1500 1613.16 107.54 6.64  88.45 9.68 
Lindane 7.08 1500 1087.59 72.51 3.74  88.27 9.68 
  β-BHC   39.83 1500 1295.20 86.35 9.58  57.58 8.54 
Heptachlor 4.66 1500 1442.97 96.20 9.04  64.85 19.49 
Aldrin 7.53 1500 1753.28 116.89 11.4
4 
 103.82 16.44 
Dieldrin 5.43 1500 1270.51 84.70 15.1
0 
 112.33 27.21 
Endrin 7.29 1500 1482.82 98.85 2.07  106.74 21.12 
Endosulfan  6.05 1500 1302.81 86.85 12.7
3 
 68.82 14.90 
p,p'-DDD nd 1500 1431.79 95.45 6.52  75.47 7.74 
p,p'-DDT 3.20 1500 1626.17 108.41 5.66  67.10 14.70 
Endrin 
aldehyde 
1.12 1500 1346.47 89.76 15.7
0 
 97.04 4.37 
Methoxychlor 34.20 1500 1663.89 110.93 9.07  56.45 12.12 
PCBs         
Monochloro 1.48 1500 1513.81 100.92 0.65  66.27 10.75 
Dichloro 1.00 1500 1617.83 107.86 6.64  58.94 11.44 
Trichloro 5.36 1500 1515.82 101.05 11.4
1 
 81.43 12.75 
Tetrachloro 0.76 1500 1286.48 85.77 11.7
8 
 91.75 12.77 
Petachloro 1.68 1500 1633.41 108.89 7.75  76.94 15.30 
Hexachloro 1.52 1500 1332.98 88.87 13.5
6 
 96.35 13.72 
Heptachloro 0.93 1500 1369.76 91.32 9.76  75.77 13.92 
Octachloro 6.08 1500 1595.31 106.35 12.0
4 
 96.35 13.72 
a = Relative recovery           
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The enrichment procedure used in this study was simpler, and required relatively 
less time and solvent than conventional multi-step SPE procedures. The proposed method 
based on sample digestion using ultrapure water had a yield dependent on the partition 
coefficient of the analytes studied (see Table 3.1.2). The analyte extraction yield (based 
on peak area response) was greater for high molecular weight analytes and less for lower 
molecular weight analytes, possibly due to hydrophobic binding of the POPs to sediment 
particulates. The repeatability of the method was characterized by measuring RSD, and 
the values are shown in Table 3.1.2. These values not only reflect the variability of the 
HFM-LPME enrichment and cleanup procedure, but also the repeatability of the MAD 
procedure. Most analytes had an RSD below 18%.  
Extraction results from the Soxhlet extraction and MAD-HFM-LPME procedures 
are shown together in Table 3.1.2 for comparison. The MAD-LPME procedure had a 
higher extraction efficiency than Soxhlet extraction with comparable RSD values. 
Analyte recoveries using soxhlet extraction were low for BHCs, Eldrin and for mono, 
dichloro PCB congeners. This could be due to thermal degradation of the compounds 
during prolonged heating (24 hrs) in comparison with MAD which is very fast (20 min). 
The later method is simple, rapid, cost-effective, and only few microlitres of solvent is 
required. Furthermore, the use of the disposable HFM eliminates any carry-over problem 
during sample analysis. 
To determine the prevalence and concentration of OCPs and PCBs in marine 
sediments from Singapore’s coastal environment, the MAD-HFM-LPME procedure was 
applied to samples collected from the northeastern and southwestern coastal regions of 
Singapore 
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3.1.6. Marine sediment sample locations 
Sediment sampling was conducted twice from thirteen sample locations in the 
northeastern region of Singapore’s coastal environment, and nine locations in the 
southwestern region. Sampling locations were all within one km of the busy industrial 
hinterland and shipping lane of the coastline (see Figure 2.6). Surface sediments were 
collected using a Van Veen grab (1000 cm2 sampling area) device. Upon collection, 
samples were homogenized and stored at –4°C. For analysis, all sediments were 





Figure 3.1.6. Sediment sampling regions in Singapore’s coastal environment. NE = 





3.1.7. Distribution of OCPs in sediments 
Table 3.1.3. Median and range of OCP and PCB concentrations in marine sediment from 
northeastern and southwestern regions of Singapore’s coastal environment 
 
 
 Concentrations ng g-1  
NE Region (13 locations) 
(n = 4) 












OCPs       
  α-BHC  85.07 11.89 - 189.47  137.83 77.50 - 353.84 
Lindane 12.44 3.72- 44.69  20.74 11.63 - 88.98 
  β-BHC   459.21 76.78 - 1464.64  597.10 143.28 - 1290.9
4 
Heptachlor 2.11 0.71 - 21.76  2.70 0.23 - 49.76 
Aldrin 7.57 1.88 - 58.97  4.08 2.14 - 19.71 
Dieldrin 131.85 59.72 - 406.59  122.92 43.72 - 197.86 
Endrin 80.48 1.47 - 241.08  77.61 26.30 - 302.55 
Endosulfan  27.30 3.59 - 485.73  12.80 5.20 - 28.15 
p,p'-DDD 14.67 1.16 - 147.82  6.84 2.15 - 16.28 
p,p'-DDT 2.86 0.84 - 164.52  18.80 2.07 - 92.17 
Endrin 
aldehyde 
13.37 1.24 - 43.22  17.80 5.64 - 55.50 
Methoxychlor 0.90 0.06 - 457.38  1.36 0.92 - 252.97 
PCBs       
Mono 0.50 0.01 - 1.83  0.70 0.10 - 1.16 
Di 1.86 0.51 - 43.79  2.74 0.93 - 31.67 
Tri 8.47 3.23 - 27.19  8.43 3.65 - 31.04 
Tetra 1.08 0.03 - 5.71  1.72 0.06 - 4.43 
Penta 2.07 0.66 - 7.15  3.84 0.96 - 15.06 
Hexa 0.88 0.27 - 4.58  1.02 0.42 - 9.85 
Hepta 2.06 0.49 - 5.87  2.84 0.12 - 3.68 
Octa 4.55 0.53 - 8.57  4.65 1.93 - 21.91 
OCPs have lower solubility in seawater than in freshwater and are 
environmentally recalcitrant. They bind readily to surface plankton and other organic 
particulates and readily undergo sedimentation. The mean concentrations of individual 
OCPs in sediments of the northeastern and southwestern regions of Singapore are shown 
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in Table 3.1.3. The mean OCP concentrations ranged from 4.72 to 500.80 ng g-1 and 6.63 
to 729.22 ng g-1 in sediments from each region, respectively. Overall, higher OCP 
concentrations were detected in the northeastern compared to the southwestern region 
(Figure 3.1.7). This may be attributed to the confined configuration of the coastline and 
the presence of the Pasir Gudong river estuary in Malaysia that limits marine 





















































Figure 3.1.7. Concentration of OCPs in northeastern and southwestern regions of 
Singapore coast 
 
The pesticide DDT and its derivative p,p’-DDD were detected at all 22 sampling 
stations, where the highest concentration of p,p'-DDT, was 164.52 ng g-1, detected in 
sediments from the northeastern region. Dieldrin, (59.72 to 406.59 ng g-1 and 43.72 to 
197.86 ng g-1) and Endrin, (1.47 to 24.08 ng g-1 and 26.30 to 302.55 ng g-1) were the most 
abundant OCP compounds present in marine sediments (Figure 3.1.8). Dieldrin and 
Endrin are traditionally used in public health protection to control insect disease vectors 






















































































 Figure 3.1.8. Percentage distribution of OCPs 
 
Upper concentrations of total OCP measured in our study (i.e 1328 ng g-1) were 
comparatively lower than those measured in the Gulf of Bothnia, Sweden, i.e. up to 8500 
ng g-1 [18] The maximum concentration of DDT (i.e. 165 ng g-1) was lower than reported 
for the Yellow Sea, China, i.e. up to 1420 ng g-1 [19], but higher than levels reported in 
sediments from the Bassim Coast, India, i.e. up to 1000 ng g-1 [20]; Northern Florida, 
Reef Tract, USA, i.e. up to 50 ng g-1 [21]; Kingston Harbour, Jamaica, i.e. up to 40 ng g-1 
[22].  
As mentioned earlier, the land area under agricultural use in Singapore is 
negligible and there is no widespread application of the studied pesticides in the country. 
However pesticides may be easily transported through the ambient environment by 
different environmental processes including volatilization from soil, soil erosion and 
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spray drift during application to crops [23]. Although many countries have withdrawn 
OCPs from use for many years, these chemicals still persist at significant levels in a range 
of environmental media worldwide [24-26]. In several countries in Southeast Asia the 
usage of OCPs is not strictly regulated. The atmosphere is a major pathway where 
anthropogenic semi-volatile organic compounds of a persistent nature are dispersed 
readily in the environment. Atmospheric deposition is an important source of OCPs in the 
marine environment [27, 28]. In Singapore, there are no distinct wet or dry seasons, and 
rain falls every month of the year with a high mean annual rainfall of 2357 mm. [29]. 
Therefore, the atmosphere may contribute significantly to the OCP burden in the marine 
environment via precipitation washout [30]. Simultaneously, it is conceivably that heavy 
rainfall accelerates soil erosion from agricultural land in neighbouring Malaysia and 
Indonesia (both of which experience similar climate as Singapore) leading to sediment 
deposition in Singapore’s coastal waters. 
3.1.8. Distribution of polychlorinated biphenyls  
In 2001, several countries, including Singapore, signed the United Nations 
Stockholm Convention to implement measures to reduce and eliminate POP emission 
into the environment, including bans on production, import, export, and use of a range of 
POPs [31]. Although widely banned, PCBs nevertheless retain a strong presence in the 
global environment via their production, storage, and disposal, as well as diffusive 
emissions from materials such as sealants, paints and plastics [32]. Major environmental 
transfer routes of PCBs into the marine environment include dry or wet atmospheric 
deposition, where they are then volatilised back to atmosphere or deposited via 
sedimentation-processes [33]. Due to the association of PCBs with the particulate phase 
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in seawater, PCBs accumulate in marine sediments as result of land erosion and 
subsequent river discharge into estuarine environments [34].  
All eight PCB congeners analysed were detected in all 22 sediments sampled 
from Singapore’s coastal environment. Mean concentrations of individual congeners 
measured in marine sediments are shown in Table 3.1.3. Mean PCB concentrations 
ranged from 0.53 to 10.85 ng g-1 and 0.66 to 13.55 ng g-1 in sediments from the 
northeastern and southwestern coastal regions, respectively (see Figure 3.1.9). In both 
regions the low molecular weight chlorinated compounds i.e. monochloro and dichloro 
congeners were present at relatively low concentrations in comparison to the high 

































































Figure 3.1.10. Percentage distribution of PCBs in marine sediments 
 
The low molecular compounds are more readily volatilized to the atmosphere, 
whereas the higher molecular weight compounds can be expected to partition onto the 
particulate phase and undergo sedimentation eventually.  
 
Levels of PCB contamination have decreased considerably in many countries due 
to the imposition of stricter environmental legislation and control measures [35, 36]. 
However, the maximum detected levels of total PCB (i.e. 115.85 ng g-1) measured in our 
study is lower than sediment guideline values of Japan i.e 10,000 ng g-1 [37] and levels 
measured in other Asian countries i.e. Indonesia up to 220 ng g-1; Thailand, up to 250 ng 
g-1; Taiwan up to 230 ng g-1; Australia up to 790 ng g-1 and Japan up to 240 ng g-1 [38]. 
Meanwhile, detected total PCB concentrations are higher than levels reported for 
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sediments from Xiamen Harbour, China, i.e. 0.32 ng g-1 [39]; Yellow Sea, China i.e. 14.9 
ng g-1 [19] and Red River Valley coastal seas, Vietnam, i.e. 0.16 ng g-1 [40]. 
 Our study indicates the widespread prevalence of POPs in the coastal sediments of 
Singapore. With reference to studied conducted elsewhere, sediments concentration in 




Overall, the optimized MAD procedure coupled with HFM-LPME extraction has 
been successfully applied to the analysis of OCPs and PCBs in sediments collected from 
Singapore’s marine coastal waters. The LODs, dynamic linear range and analytical 
precision of the method is impressive when compared with Soxhlet extraction. Results 
obtained with analytes spiked into sediment prove that the method can be used for the 
rapid quantification of OCP and PCB compounds at trace levels in marine sediments. The 
procedure is relatively simple; requiring a low volume of solvent, and has distinct 
advantages over conventional multi-step clean-up and enrichment procedures. This is the 
first study to report the distribution and concentration of OCP and PCB compounds in 
sediments from Singapore’s coastal environment. Sediment concentrations of these 
compounds studied are generally low to moderate relative to concentrations reported for 
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  Results obtained from this study clearly show that the microextraction techniques 
developed are powerful and eminently suitable for sample preparation prior to analysis of 
contaminants in environmental samples. They provide alternative methods to 
conventional macroscale sample preparation techniques.  
 
From a practical point of view, the novel procedures developed in this work offer 
simplicity, cost effectiveness and, more importantly, can achieve excellent analytical 
performance. 
 
For aqueous samples, hollow fiber membrane-protected liquid-phase 
microextraction (HFM-LPME), based on similar principles as liquid-liquid extraction has 
proved to be applicable to the trace extraction of endocrine-disrupting compounds 
(EDCs) from complex environmental matrices. The experimental setup is simple, 
requiring only a microsyringe with a short length of a hollow fiber membrane. The range 
of EDCs considered included alkylphenols, Bisphenol-A, and persistent organic 
pollutants such as organochlorine pesticides, polycyclic aromatic hydrocarbons and 
polychlorinated biphenyls from seawater, rainwater and blood plasma samples. 
 
For solid samples, the combination on HFM-LPME with microwave-assisted 
digestion was demonstrated to be effective as a cleanup and enrichment procedure. In 
general, therefore, HFM-LPME proved to be very useful for dealing with complex 
matrices. 
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 In this work, too, the use of HFM as a protective sleeve for solid-phase 
microextraction (HFM-SPME) was developed. Excellent results were obtained in the 
determination of organochlorine pesticides from solid waste and bovine milk samples. 
 
While LPME can be considered as an emerging technique in comparison to the 
established SPME, it is strongly believed that it will continue to be developed as a 
powerful alternative to the latter. The co-existence and complementarity of LPME and 
SPME approaches seem assured. HFM-LPME has the following limitations  
(i) Range of suitable extraction solvents is limited; (ii) Not easily automated and (iii) Not 
convenient for onsite extraction 
 
A possible approach for future consideration would be to coat a piece of HFM 
with an adsorbent so that greater selectivity for particular analytes or classes of analytes 
could be realized. This is actually a modified form of SPME although analyte desorption 
is accomplished by use of a suitable solvent, rather than by thermal means (as in when 
SPME is combined with gas chromatography, which remains the most popular 
instrumental interface with this procedure). Through this approach, a greater choice of 
liquid-based separation/detection techniques (e.g. liquid chromatography, capillary 
electrophoresis, etc.) would be available to the analyst. The use of HFM materials other 
than polypropylene (e.g. Polysulfone) would also extend the range of applications of 
LPME. Preliminary experiments are now in progress in our laboratory. 
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